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ABSTRACT 
Fabrication and Characterization of Multifunctional Nanofiber Nanocomposite 
Structures through Co-electrospinning Process 
Heejae Yang 
Advisor: Dr. Frank K Ko 
Nanotechnology is a rapidly growing multidisciplinary field of research incorporating 
various divisions including nanofiber technology wherein fibrous materials are fabricated at 
nano scale. Materials in nanofiber form not only lead to superior functions but also provide 
a method to deliver functions to higher order structures. Electrospinning is an attractive 
process capable of producing polymeric fibers having diameters ranging from nano to sub 
micron level. Nanofibers produced by electrospinning can be reinforced by particles to 
fabricate a composite with unique and tailor made properties. If the particles used for the 
reinforcement are at nano scale as well then the reinforcement effect can be greatly 
enhanced. An attempt was made in this thesis to use polymeric nanofibers as a medium to 
transfer properties of nanoparticles. Two unique nanoparticles, quantum dots and magnetic 
nanoparticles were selected to generate nanocomposites. Cadmium sulfide quantum dots 
were co-electrospun with polyethylene oxide for the production of fluorescence nanofiber 
composite. The results suggested successful transfer of optical properties from quantum 
dots to polyethylene oxide nanofibers. The iron oxide nanoparticles were co-electrospun 
with poly vinylidene fluoride tetrafluro ethylene. The results suggested that nanocomposite 
nanofibers showed strong superparamagnetic properties. This phenomenon opens the door 
to a practical means of connecting nanostructured materials to macroscopic structures. 
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1. INTRODUCTION 
 
Fiber reinforcement using particles is a well known method in textile and composite 
industries not only for enhancing the properties but also for synthesizing new materials 
having unique properties. An attempt has been made in this study to broaden the 
applications of particles system by embedding them in nanofibers to form linear 
composite system[1-4]. Nanofibers are defined as the fibers with the diameter less than or 
equal to 100nm. The traditional wet spinning method to fabricate textile fibers is not 
practical for the generation of nanofibers.  Electrospinning technique was employed in 
this study to manufacture nanofibers. The process involves introduction of a strong 
electric field between a solution contained in a reservoir such as a glass syringe with a 
capillary tip, and a metallic collection plate. It is an economical and simple method for 
large scale production of nanofibers. Particle reinforcement in any kind of fibers can be 
carried out during either before spinning a material into fibers or after spinning. The post 
spinning process is important if one wish to coat the fibers with the particles. However, 
for the effective translation of particle properties it is essential to embed these particles 
inside the fibers during pre spinning process.  
 
Researchers have attempted to fabricate ceramic particle reinforced fibers using 
electrospinning process followed by post spinning treatment[5-7].  The particles were 
formed in polymeric fibers using sol-gel method. Their results were impressive 
suggesting uniform distribution of particles in the fiber. This sol-gel method is however 
usually followed by sintering process to oxidize particles in order to express the 
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properties of these compounds properly. During the sintering process the polymer was 
removed resulting into the formation of thin ceramic nanofibers. This process is effective 
to fabricate ceramic reinforced nanofiber but the disadvantages of this method are lack of 
flexibility due to the removal process of polymer, limited choices of materials to match 
the chemical compatibility of polymer solution and ceramic particle precursor, low 
yielding of materials, accompanying complicated extra process during the formation of 
crystals in the sol and wide distribution of fiber diameters. Alternatively, dispersing 
particles directly into the polymer solution can provide simpler pathway to fabricate 
composite nanofiber which has been explored this study. Composite nanofiber produced 
by co-electrospinning of dispersed nanoparticles is demonstrated in this thesis. Previous 
work carried out in our laboratory consisting of carbon nanotube (CNT) nanocomposite 
fabrication has proved that co-electrospinning provides an excellent method for 
translation of mechanical properties of CNT in polymer fibril matrix. In another study by 
Ko et al used Atomic Force Microscope (AFM) in a taping mode to determine the 
mechanical properties of nanocomposites prepared by co-electrospinning 1 to 5 % by 
weight CNT in a polyacrylonitrile (PAN) matrix. A 4 to 5 fold increase in the properties 
was found with introduction of less than 1.5% by weight of CNT to the PAN matrix[2].  
 
A major goal of this thesis was to fabricate and characterize nanofiber composites having 
unique properties. The particles used for reinforcement of nanofibers were nanoscale as 
well. The nanoparticles were directly dispersed into polymer solution before carrying out 
electrospinning. To demonstrate the feasibility of the process, two unique nanoparticles, 
quantum dots and magnetic nanoparticles, were selected to fabricate functionalized 
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flexible fibrous composites. In order to translate the unique properties of particles into 
nanocomposite fibers that can provide flexibility, geometrical conformation and ability to 
deform into various forms co-electrospinning technique was utilized. The geometrical, 
optical, electrical and magnetic properties of fabricated composite nanofibers were 
characterized using  transmission electron microscopy (TEM), scanning electron 
microscopy (SEM), Raman Spectroscopy, Photoluminescence spectroscopy, 
Superconducting Quantum Interference Devices (SQUID) and Network analyzer to 
validate the effectiveness of co-electrospinning process.  
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2. BACKGROUND AND LITURATURE REVIEW 
 
2.1.Electrospinning Process 
 
Electrospinning is a simple process that can produce polymer fibers ranging from 
nanometers to micrometers from melt or polymer solution using an electric field. When 
an electric potential is applied to melt or solution of polymer, the charged polymer 
solution forms a cone shape droplet at the tip of the nozzle [8-10]. When an electrostatic 
force is sufficient enough to overcome the surface tension of the solution droplet, the tip 
of droplet elongates towards a collection plate which is in a form of a grounded metal 
target resulting in a formation of a jet. This charged jet undergoes whipping mode, called 
instability region where it splits into multiple fine fibers, and travels to the target. The 
solvent evaporates while the dry ultrafine fibers are deposited on a collection plate as 
illustrated in ( 
Figure 1)  [11-13].     
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Figure 1. Schematics of electrospinning process 
 
This electrospinning process technique was realized and patented in 1934 by  Formhals 
[14]. This relates to a process and an apparatus for the production of artificial filaments 
by use of the action of an electrical field on liquids, which contains solid materials 
dissolved in them. In his invention, the solutions are passed into an electrical field formed 
between electrodes in a thin stream or in drops in order to separate them into a plurality 
of threads. This results in the entangled threads which repel each other when spaced apart 
in the electrical field, pile up in parallel to be collected as a bundle.  
 
After few decades, in 1971, Baumgarten conducted systematic experiments to rediscover 
and employ the process to acrylic polymer solutions dissolved in dimethyl formamide 
(DMF) to fabricate fine fibers[8]. The fibers were ranged 0.05 to 1.1 μm in diameter. He 
also highlighted the effects of solution viscosity, surrounding gas, flow rate, etc. on the 
fiber diameter and jet length. The results of his experiments showed that as the solution 
viscosity increased the fiber diameter increased (approximately proportionally) to the jet 
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length. The relationship between fiber diameter and solution viscosity was empirically 
established by the follow equation: 
 
5.0⋅=ηd  
 
where d is fiber diameter and η is solution viscosity in poise. It also has been noticed that 
the fiber diameter was affected by the applied electric field. An increase in the applied 
voltage resulted in increase in the electrostatic stresses, which, in turn, produces smaller 
diameter fibers.  
 
The electrospinning process is initiated with break-up of meniscus of polymer solution 
and formation of a jet at the tip of the nozzle. This break phenomena of cone and jet 
formation was cautiously analyzed by Geoffrey Taylor in December 1969 for the first 
time in his research titled “Electrically driven jets” [9]. He described the shape of the 
droplet at the end of a tube filled by viscous fluid under applied electrical field and a jet 
comes out from its vertices by following mathematical model which is known as “Taylor 
cone”. 
 
 R
R
L
L
HVC πγ117.05.12ln4 2
2
2 ⋅⎥⎦
⎤⎢⎣
⎡ −=  
 
Where: Vc is the critical voltage for the jet formation, H, the distance between the 
capillary and the ground, L, the length of the capillary, R, the radius of the capillary, and 
γ, the surface tension of the liquid. 
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The dependence on conductivity and viscosity is missing in this equation, but the 
relationship between surface tension and applied voltage serves as a useful guide for 
slightly conducting, medium-to-low viscosity solutions. This research provided 
fundamentals and in depth understanding during the early stages of electrospinning 
process.  
 
Another major milestone was developed in 1986 by I. Hayati et al [10]. In his study, the 
effect of electric field and the environment on pendant drops and factors affecting the 
formation of stable jets and atomization was considered. He concluded that the liquid 
conductivity is a major factor in the electrostatic disruption of the liquid surface. Several 
models have been further developed on the formation of jets and their behavior [15-17]. 
They successfully described the nonlinear behavior of the whipping mode in instable 
region but not failed to fully predict the final diameter of fibers produced through the 
electrospinning process. 
 
In 2003, Fridrikh et al. developed a model describing the thinning of the jet to predict the 
final fiber diameter that can be generated during the electrospinning process as a function 
of multiple materials properties such as conductivity, dielectric properties, dynamic 
viscosity of solution, surface tension and density [11]. The common processing 
parameters were also considered in their model. 
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3
1
2
2
)3ln2(
2 ⎥⎦
⎤⎢⎣
⎡
−= xI
Qht πγε  
 
Where: ht is the final jet diameter, γ, the surface tension of the solution, ε, the dielectric 
permittivity, Q, the flow rate, I, electric current, the surface tension of the liquid, and x, 
the displacement of the centerline of the jet.  
 
This model is limited by the assumption that the liquid is Newtonian and has neglected 
the elastic effect due to the evaporation of the solvent. Thus this model shows good 
agreement only on polyethylene oxide (PEO) and polyacrylonitrile (PAN) which has high 
boiling point of solvent but not with polymer solution in a volatile solvent. Another limit 
of this model is the assumption that there is no further thinning occurs after the terminal 
jet formed which need confirmation. Prediction of final fiber diameter distribution based 
on the jet diameter is also 3 to 5 times wider than experimental data. Regardless the limit, 
this model was appreciated in electrospinning community as it provides a simple 
analytical methodology which had convincing agreement with certain types of materials. 
 
Another simple method to predict the fiber diameter was suggested by Ko. et al by 
applying theory from Berry [18, 19]. Berry stated that the degree of entanglement of 
polymer chains in solution could be described by a dimensionless number called the 
Berry number (Be) [20].  
 
c ][  Be η=  
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where η is the intrinsic viscosity of given polymer solution, defined as the ratio of 
specific viscosity to the concentration at infinite dilution and C is concentration of the 
solution.  
 
When a polymer is dissolved in a solvent and the concentration is very dilute, the 
polymer molecules are so far apart in the solvent that polymer chains rarely entangle each 
other and Be is less than unity. When the polymer concentration is increased, at some 
overlap concentration, the individual molecules interact and therefore become entangled; 
in this instance, Be is greater than unity. It has been found that the polymer solution at 
Be=1 is electrospinnable solution generating nanofibers[18, 21]. As Be increases the fiber 
diameter increase until Be approach up to 4 then the electrospun fiber diameter remain 
unchanged for higher solution concentration. This becomes a useful index to predict the 
concentration of polymer solution that can be used for electrospinning. This has limit to 
predict the fiber diameter, however it provides a very useful index in the form of an 
operating window that can be utilized to carry out electrospinning. Incorporation of 
multiple processing parameters would be useful to improve the model. This simple model 
however is important to understand the electrospinning process that molecular 
entanglement of polymer in the solution has major effect on fiber forming and the fiber 
diameter. 
 
Besides the theoretical approach to the electrospinning, the experimental parameters 
involved in the process have been fairly established. The fiber diameters and morphology 
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produced by electrospinning can be controlled by varying solution concentration, 
molecular weight of polymer, tip-to-collection plate distance, electrostatic field strength 
applied to the polymer solution and the geometry of the grounded target. Larger 
diameters of fibers are produced from higher concentration or higher molecular weight of 
polymer solution whereas lower concentration or lower molecular weight solutions 
results in finer fibers as well as a tendency to form beads. The longer distance from the 
target allow more time for the solvent to evaporate thereby creating more favorable 
condition for the production of finer fibers [13, 22-24]. It also has been observed that 
oriented fibers or yarns can be collected by changing the target geometry and changing 
collecting mechanism. Self assembled yarn formation during the electrospinning process 
has been reported as well [2, 25-27].  
 
In recent decade, various synthetic and natural polymers such as conductive polymers, 
biodegradable polymers, silkworm silk and genetically engineered spider silk have been 
spun into fine fibers. The selected polymers and solvent used to electrospin are 
summarized in Table 1. These nanofibers and mats have various applications including 
filters, sensors, scaffolds for tissue regeneration, wound dressing …etc as they have high 
surface area to volume ratio [25, 28, 29]. Recently, there were attempts to improve the 
mechanical, electrical properties of fibers or to functionalize the fibers [2, 5, 30, 31]. 
Especially, the reinforcement of nanofibers with carbon nanotubes is receiving 
substantial attention, mainly due to the fact that carbon nanotubes offer opportunities not 
only to enhance mechanical and physical responses but also to impart unique electrical 
and thermal properties to the nanofibers.  
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Polymer Solvent Refernces 
Polyethylene 
Oxide 
Water Doshi et al. 1995 [24] 
Nylon Formic Acid, 
hexafluoroisopropanol
Darrel et. al 1996 [22] 
Fong et al 2002[32] 
Polyacrylonitrile Dimethyl formamide Baumgarten, 1971[8] 
Ko FK, 2002  [4] 
Polylactic-co-
glycolic acid 
Tetrahydrofuran, 
Dimethyl formamide 
Li et. al. 2002 [33] 
Poly Lactic Acid Chloroform Han et. al. 2001 [18] 
Collagen Water Huang et. al. 2001 [34] 
Polyaniline camphorsulfonic acid Norris et.al. 2000 [35] 
PVDF-TeFE Tetrahydrofuran, 
Dimethyl formamide, 
Yang et. al. 2001 [21] 
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2-Butane 
Polyurethane Tetrahydrofuran, 
Isopropyl alcohol 
Demir et. al. 2002 [36] 
Silk formic acid Sachiko et. al. 2003 [37] 
Poly caprolactone dimethylformamide Lee et. al. 2003 [38] 
Table 1. List of selected polymers electrospun and solvent system used 
 
 
2.2.Characteristics of Composite Nanofiber Produced by Electrospinning  
  
Nanotechnology is field of science dealing with the synthesis, characterization and 
application of nanoscale materials. These materials tend to behave differently from bulk 
materials due to their extremely small size and quantum confinement effect. Especially 
when the size becomes smaller than 100 nm, quantum effects can begin to dominate the 
behavior of matter at the nanoscale affecting the optical, electrical and magnetic behavior 
of materials[39-43]. In 1959, Richard Feynman gave a talk “There’s plenty of room at the 
bottom” which is considered the first talk on nanotechnology concept. A few decades 
after his talk, a great advance on devices has enabled synthesis and characterization of 
small materials[44]. In 2000, NSF (National Science Foundation) has extended the 
definition of nanotechnology as “Research and technology development at the atomic, 
molecular or macromolecular levels, in the length scale of approximately 1-100 
nanometer range, to provide a fundamental understanding of phenomena and materials at 
the nanoscale and to create and use structures, devices and systems that have novel 
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properties and functions because of their small and/or intermediate size”[45]. In part of 
definition, utilizing the composite structure bridging nanoparticles which this research 
focused on was also exemplified as a particular case. 
 
Nanomaterials can be composed of any substance including metals, semiconductors, 
polymers and composite of those. These nanoparticles can be synthesized through various 
path including template, vapor grown, lithography and electrospinning[41-43, 46]. 
Depending on the shape of the particles they can be categorized into 0-D, 1-D and 2-D 
[47]. It is well established that the shape and size of the particles can be controlled 
through the process and the properties can be altered due to the difference in the size and 
shape. The examples of different synthesis of metallic nanomaterials of gold (Au) and 
silver (Ag) with different morphology were summarized by Liz-Marzan [48]. Depending 
on the synthesis process Au and Ag can be processed into particle, rod or prism. By 
changing the aspect ratio and size, the optical properties changed drastically due to the 
oscillation of conducting electrons affected by electromagnetic radiation even though 
they are synthesized from same metal. These extraordinary phenomena can be found not 
only from metal but also from polymer as well as ceramic materials. The list of 
nanoparticles and their applications are summarized in Table 2. 
 
Recognized by these unique properties of nanomaterials, there are strong demands for 
creating higher ordered structure of these particles for various applications as emphasized 
by NSF. Nanoparticle-polymer composites system is one of the most active fields of 
research because fabricating composite with nanoparticles is one way to deliver the 
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functionality to the demands in broad applications. In many current applications, the 
unique properties of nanoparticle are delivered as fillers of composites or as a coating of 
material. This polymer-nanoparticle composite can provide the flexibility, stabilized 
particles as well as ability to conform complicated structure while maintaining the 
nanoparticles properties.  
 
 
Fe2O3, Fe3O4 Magnetic 
Biomedical, catalyst 
EMI shielding  
[49] [50] 
CdS, CdSe, ZnS Semiconductive 
Biological Labeling 
Optical switch 
[51-53] 
Au-, Pt-, Pb- 
/TiO2, SiO2, 
Photocatalyst 
Filter, Antiviral Reactivity by 
oxidation 
[46, 54, 55] 
CNT Reinforcement 
Electric, optic 
[2, 40] 
 
Table 2. Common nanoparticles and their applications. 
 
Among various techniques of fabricating polymer-nanoparticles nanocomposite systems, 
fabricating fibrous structure by previously described electrospinning technique 
incorporated with particles can provide several advantages over the conventional 
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composite systems of particles embedded films or coatings due to fine fibrous structure.  
In addition, electrospinning process can provide broad selection of materials and high 
productivity with simple one step process at room temperature to introduce new or better 
materials properties into highly ordered fine fiber form.  
 
It has been proved that composite nanofiber was successfully fabricated with 
incorporation of nanoparticles by electrospinning with intent to transform nanoparticle 
properties into fibrous structure. Previous work of carbon nanotubes (CNT) 
nanocomposite fabrication by Ko et. al has proved that co-electrospinning of CNTs with 
polymer provides an excellent method for translation of mechanical and electrical 
properties of CNT in polymer fibril matrix with 1 to 5 % by weight CNT in a 
polyacrylonitrile (PAN) matrix. A 4 to 5 fold increase of mechanical properties was 
found with introduction of less than 1.5% by weight of CNT to the PAN matrix. [2]. 
Magnetic particles embedded nanofiber produced by same technique also has shown the 
improvement in magnetic as well as electrical property comparing to pure polymer fibers 
which can be used in various fields including biomedical and electrical applications[1, 3, 
28].  
 
The previous study promises that enormous surface area to volume ratio provided by 
electrospun composite fibers can open new possibilities in applications requiring high 
contact surface. The list of commonly used nanoparticles attractive to be used in co-
electrospinning process and their applications are summarized in Table 2. Composite 
nanofibers incorporated with these particles fabricated by coelectrospinning may have 
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various applications including filters, sensors, scaffolds for tissue regeneration, wound 
dressing [34, 37, 56-58]  
 
The expected characteristics of composite fibers produced by co-electrospinning process 
are… 
• Large surface area provided by  porous structure and fine fiber diameter 
• High sensitivity provided by fine fiber diameter and high surface area 
• Feasibility of conforming into complex shapes  
• Enhanced mechanical properties 
• Capability of carrying agents or particles to tailor chemical and mechanical 
properties  
 
2.2.1.High Surface Area and Flexibility of Structure 
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Figure 2. Fiber diameter and expected surface area at given volume 
 
 Diameters of fibers currently being produced in textile industry normally ranges from 10 
um or above while the diameters of electrospun fibers ranges from few hundreds 
nanometer to submicron depending on the spinning condition. One of the most noticeable 
properties of the fine fiber is the increased surface area at given volume comparing to 
larger fiber area. Optical microscope image of the electrospun fibers on human hair and 
the expected surface area per unit volume as a function of fiber diameter is illustrated in ( 
Figure 2).  
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The PEO fibers in the figure are approximately 250~300 nm in diameter and a hair is 
roughly 40 um. These electrospun fiber mats possesses properties like high porosity, 
micro-scaled pore size and highly interconnected internal structure by the nature of thin 
continuous fibers. The surface area was estimated by assuming the square packing of 
fibers in cubic centimeter. As shown in figure, the expected surface area exponentially 
increases as fiber diameter decreases. Typical high performance industrial textile fibers 
such as carbon fibers and Kevlar are ranging 5~10 um or bigger and electrospun fibers 
are ranging submicron down to a few nanometer [59]. This decrease in fiber diameter, for 
example, from 10 um to 100 nm can increase the surface area approximately 1000 times 
in 1 cm3 while packing with 104 times longer fibers in 1 cm3. This increment of surface 
does not only contribute to increasing reactive surface area but also greatly enhances 
sensitivity of fibers to external environment even in case of simple diffusion. These 
characteristics make finer fibers more attractive in sensors, optical and electrical 
applications.  
 
One of the fundamental mechanical properties that highly depend on the geometry of 
material is a bending rigidity. In a traditional transverse three point bending test, the 
stress at the point of loading can be computed from sample thickness and the moment of 
inertia at cross section as (Figure 3). The stress on circular structure based on this 
structure is defined as following equation. 
 
3R
LFf
fs πσ =  
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Where σfs is the flexural strength, fF is the load at fracture, L is the distance between 
support point and R is the radius of cross section. It is clear that when the diameter of 
specimen decrease the fracture stress decrease significantly by R3, consequently, the 
more flexibility at given volume.  
 
L R
F
 
Figure 3. Bending Moment on Circular Structure 
 
The flexibility/stiffness provided by fine fibers can provide easy process in fabrication of 
complex structure. This property is also important in high performance textile application 
to provide better comfortness [29, 60]. 
 
2.2.2.Mechanical Properties  
 
The theory of fiber strength increasing as fiber diameter decreases dates back to 1920, 
when A. A. Griffith noticed an enormous discrepancy in the theoretical and practical 
strengths of a material [61] To understand the gap between the theoretical and practical 
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strengths, Griffith chose a material with simple fracture behavior (brittle fracture), glass, 
as a model for his experiment. The glass that he selected had theoretical strength of 
14,000 MPa.  This glass, fashioned in a solid rod of 1mm diameter, resulted in strength of 
170 MPa when tested under tension. Additional rods were drawn down in a series of 
smaller diameters (the smallest being 2.5 μm) and tested them under similar conditions. 
As the fiber got thinner their strength increased gradually (more rapidly as their diameter 
decreased significantly), with strengths approaching the theoretical value as the fibers 
reached the smallest diameter. Based on these findings, Griffith concluded that 
theoretical strength can be achieved if the fiber can be made finer. Griffith later 
concluded that regardless of how strong the chemical bonds in the material are, the 
strength of the material is determined by the weakening mechanism. A material have very 
strong bonds can be relatively weak if it contains flaws and defects, explaining why 
practical material strength is only a small fraction of theoretical chemical bond strength 
[61]  
 
Similar to glass, carbon fibers exhibit same trend of strength changes related to fiber 
diameter as shown in (Figure 4) [62]. Tensile strength significantly increases as fiber 
diameter decreases. One possible explanation is that as length or fiber diameter increases, 
the volume of material increases and so does the probability of flaws inclusion in the 
fiber. Another processing parameter that contributes to higher strength is higher 
molecular orientation along the fiber axis which occurs during the processing [59, 63]. 
These carbon fibers shown in (Figure 4) were obtained from drawing precursor polymer, 
PAN (polyacrylonitrile) and post processing of PAN fibers. During the continuous 
 21
drawing process the fibers becomes thinner and molecules tend to orient to drawing 
direction. For this reason, the tensile strength of carbon fiber is highly dependent on the 
diameter and gauge length of the fiber.  
 
Figure 4. Fiber diamter and tensile strength of carbon fiber 
 
From early 1960s the effort to achieve of molecular orientation and defect removal 
through the same thinning process made possible to achieve high tenacity fibers such as 
Kevlar® (Kevlar® is a Dupont Registered Trademark) [64-67] 
 
The electrospun fibers are already 10 to 20 times thinner than commercially available 
high tenacity fibers mentioned above. These suggest that polymer fibers produced by 
electrospinning can achieve higher strength by proper post processing. It is strongly 
suggested that stretching induced higher molecular orientation along the fiber axis as well 
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as less probability of defect existence can be achieve from electrospun fibers. There are 
active studies growing achieving high strength carbon fibers by carbonization of 
electrospun fibers [68-70]. 
 
2.2.3.High Sensitivity 
 
In the simplest geometry optics, when light proceed from one medium to another, part of 
light radiation transmits through the medium, rest of energies are absorbed or reflected at 
the interface. For the light absorbance, the intensity of the net absorbed light is dependent 
on the property of medium as well as dimension of materials that light travel. This 
relationship of absorption of light through the medium and its thickness is known as 
Beer-Lambert law [71]. The intensity of transmitted light which was not absorbed 
radiation (IT) continuously decrease exponentially with the distance of z as shown in 
following equation and as illustration in (Figure 5) [71].   
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Figure 5. Light transmission as function of sample thickness 
 
z
T eII
α−= 0  
 
Where IT is the intensity of light which transmitted, I0 is the intensity of the nonreflected 
incident radiation, α is the absorption coefficient (in mm-) and z is the thickness of 
sample. In general, the absorption coefficient varies with wavelength of incident light. 
 
This geometry dependency of light transmission gives the nanofiber composite a couple 
of advantages of efficient reactivity over the commercially available fibers for various 
applications. Especially in the optical application where the incident light intensity is low 
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or when the medium has high light absorption rate the fine fiber dimension can provide 
with higher and more uniform energy transmission though its structure. For commonly 
used polymeric materials, it has been observed that there is higher intensity of visible 
light transmission but this light transmission rate is lower in UV and IR reason. For 
PVDF, it has been shown that UV light is absorbed by 50 % within 50 um transmission 
[72]. For optical sensor or textiles application, it can be easily speculated that the thinner 
fiber will have higher and more uniform optical reactivity comparing to that of thicker 
fiber or film at given light intensity. 
 
Particle reinforced functional composite fibers in optical application is believed to be 
more dependent on composite dimension. Two composite fibers contain 50nm particles 
with 100 nm and 1000 nm fiber diameters are illustrated in (Figure 6) for comparison. If 
the incident light can only be transmitted only 100 nm deep, the effective volume that the 
light can reach and have effectiveness in 1000 nm fiber is only 36% of whole structure 
while 100 nm have 100% of light transmission. If composite fiber has 5 % of functional 
particles in it, only 1/3 of particles will be effective to external stimulation. If particle 
used in composite is optically active material such as fluorescence quantum dots, 
significant amount of incident light originated from the particles will be absorbed in the 
medium. Also, as mentioned earlier, the UV transmission rate decreases at lower 
wavelength of UV in polymeric materials. The UV reactive composite fibers such as 
polymer/CdS and polymer/TiO2, thus can be benefited from small fibrous geometry to 
achieve higher sensitivity and stronger reaction in wider spectrum of wavelength.  
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Figure 6. Two different diameters of fibers with 50 nm particles embedded  
 
2.2.4.Thermal Conductivity  
 
There are three ways of heat transfer occurs: by conduction, convection and radiation. 
Heat radiation is the transfer of thermal energy in forms of electromagnetic radiation such 
as the heat form the sun. Convection is the heat transfer by medium circulation combined 
with heat conduction. Because this involves physical movement of materials convection 
usually occurs in fluid systems. Conduction is the heat transfer through free electron 
diffusion or phonon vibration without physical movement of molecules mainly in solid 
materials. The simplest form of heat conduction through the solid is defined by Fourier’s 
law as following equation [71, 73]. 
 
dx
dTkAq −=  
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 where q is the heat current, k the thermal conductivity of the medium, and A is the cross-
sectional area of the medium as illustrated in (Figure 7). 
 
Figure 7. Thermal conduction of q through temperature gradient.  
 
As expressed in the equations, the thermal conductivity through the solid greatly 
dependent on the geometry and properties of medium. The heat flow between two 
medium is directly proportional to the cross sectional area, temperature gradient and 
thermal conductivity. The thermal conductivities of various materials are summarized in 
(Table 3) [71, 74-76]. As shown in the table, metallic materials are normally good heat 
conducting materials due to abundant free electrons. Ceramic materials are normally 
thermal insulators due to the lack of free electron. Thus the thermal conductivity of 
ceramic material is mainly dependent on the less effective phonon. As noted in the table, 
the thermal conductivity of polymers is very low. In polymer, the thermal energy 
transfers though the vibration and rotation of polymer backbone resulting in relatively 
higher thermal conductivity in the highly oriented crystalline polymers [71].  Due to the 
low thermal conductivity, polymers and ceramics are utilized as insulators. Together with 
low thermal conductivity, porosity can dramatically enhance the efficiency of polymer 
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and ceramic in insulation property because included air in the pore has extremely low 
thermal conductivity.  
Materials Thermal Conductivity (W/mK) 
Silver (Ag) 429 
Gold (Au) 417  
Copper (Cu) 401 
Alumina (Al2O3) 30 
Titanium Dioxide (TiO2) 9  
Iron Oxide (Fe3O4) 7  
Water 2.2  
Silica (SiO2) 1.4 
Polytetrafluoroethylene (PTFE) 0.24  
Polyvinylidene fluoride (PVDF) 0.1 
Cork 0.03 
Cotton, wool 0.04 
Air 0.024 
 
 
Table 3. Thermal conductivity of materials 
 
 
For small diameter of inorganic nanowires, the thermal conductivity is believed to be 
limited by the scattering at the cylinder wall. Recent study by Dame had showed that 
diameter of 1-D silica nanowires has great effect on thermal conductivity down to several 
nanoscale ( 
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Figure 8) [77]. In 1-D nanostructured material, the thermal conductivity of homogeneous 
inorganic nanomaterials may be smaller more than an order of magnitude comparing to 
bulk materials due to strong boundary scattering and phonon confinement effect [39, 78, 
79].  
 
 
Figure 8. Predicted thermal conductivity of Si nanowire of various diameter 
 
Early study of battings for insulation using polyester fibers found that conductive heat 
loss is mainly governed by batting thickness and the fiber diameter effect was not 
significant. However, the radiative heat loss was found to be lowered with decreased 
fiber diameter as shown in figure ( 
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Figure 9). It was believed that smaller fibers are more effective in scattering the radiation 
resulting in lower radiative thermal conduction for the batting. [80]. These thermal 
behaviors of fibrous structure are of interest in textile engineering for many years to 
improve the comfort and protection especially in extreme environment such as battle field 
or space. [29, 81, 82]. Combining these material properties with fine fiber diameter 
provided by electrospinning process is believed to greatly enhance insulation capability 
due to minimum heat conduction and high porosity. 
 
 
Figure 9. Radiation conductivity as a function of fiber diameter 
 
2.3.Applications of Electrospinning 
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2.3.1.Sensor 
 
Polymeric sensor materials typically exist in the form of thin films for sensing variety of 
substances in the state of gas and fluid. Depending on the applications the sensor with 
tailored properties can be fabricated by various syntheses techniques. Utilizing sensors as 
chemical microsensors has been growing strongly over the past few decades for 
monitoring of medical, pharmaceutical, chemical and environmental processes. 
Generally, chemical and biochemical microsensors are inexpensive, disposable, compact, 
simple to operate and durable. These sensors enabled extensive advancement in medical, 
chemical, and environmental industries [83]. A typical chemical and biochemical sensor 
comprises a chemical or biochemical interface with a physical transducer. In such a case, 
chemical or biochemical interface absorbs chemical species from the ambient and 
physical transducer delivers an electrical output signal proportional to the amount of 
absorbed species [84].   
 
To increase the sensitivity of sensor, the most straightforward approach is the increasing 
reactive surface area of the sensor. Therefore, the use of nanofibers-based sensing 
substrates has become attractive in making high-performing gas and fluid sensors. This 
increased surface area induced by decrease in diameter also is expected to provide with 
faster time response in sensing. 
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Previous study on using electrospun nanofiber as a sensor combined with Thickness-
Shear Mode (TSM) piezoelectric sensors by Kwon  has proved ultrafine fibers fabricated 
by electrospinning can enhance the sensitivity in sensing gases [85]. 
 
Nanofiber films made of Poly-Lactic Acid-Co-Glycolic Acid (PLAGA) polymers were 
deposited on the gold surface of AT-cut resonators using electrospinning technique. The 
diameter of PLAGA fibers were in the range of 50 to 300 nm. Different thicknesses of 
fibers were deposited on TSM then the sensor was placed in the chamber. Varieties of 
gases were later introduced on the surface of the AT-cut TSM quartz crystal resonators 
operating at their fundamental frequency of 10 MHz as shown in (Figure 10). 
 
Figure 10. Block diagram of the electrical measurement system. 
 
 It has been reported that 3-D structure with a random nanofiber orientation that 
uniformly covers the TSM sensor was achieved. Even though the mechanical difference 
between continuous film and nanofiber film, NF coated TSM sensors showed a strong 
 32
viscoelastic characteristic similar to that of the continuous film. Nanofiber coated TSM 
sensor also showed increased response at higher temperature whereas its dependence on 
the ambient air pressure was small. The PLAGA nanofiber coated TSM sensor has 
showed consistent trends in sensing chemical gases by its distinctive resonant frequency 
shift due to additional mass from gas molecules. The different response of NF coated 
TSM sensor to hydrophobic and hydrophilic liquid loading was also noted. In spite of the 
fact that the density of water is higher than that of propanol, NF sensors showed more 
loading from propanol. This effect is unique and presents an advantageous feature of NF 
film as a chemical or biochemical sensing interface. 
 
In (Figure 11), the attenuation and phase response of the Nanofiber-TSM sensor in 
benzene gas is showed. Immediately after the benzene injection, both attenuation and 
phase indicated changes. The attenuation was increased by about 0.01 dB in 60 minutes 
and the phase was decreased by 0.07° in 30 minutes. After 30 minutes of injection the 
reactive surface of the sensor was saturated and phase shift was not observed. 
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Figure 11. Nanofiber coated TSM sensor response to Benzene injection 
 
Recently, attempts have been made by Louh in detecting CO2 using electrospun PAN 
(Polyacrylonitrile) nanofibers. Fe2O3, ZnO and SnO2 particles were incorporated to 
fabricated sensors. The highest sensitivity in detecting CO2 from PAN-Fe2O3 composite 
fibers among them was reported [86]. 
 
These studies have showed promising applications of polymeric nanofibers in sensing. 
The modification of surface of traditional transducer by placing nanofibers improved 
sensing performance and response time by altering the surface properties of the 
transducer. Also, it has been showed that fiber mat itself can be used in some type of 
gases detect. Active researches are on going using nanofiber sensors especially 
incorporating with ceramic or metallic particles.  
 
 34
2.3.2.Biomedical Applications, Tissue engineering, Drug Delivery 
 
Tissue engineering is for improving or replacing damaged biological tissue. The 
commonly applied definition of tissue engineering by Langer and Vacanti defined tissue 
engineering is “an interdisciplinary field that applies the principles of engineering and life 
sciences toward the development of biological substitutes that restore, maintain, or 
improve tissue function” [87, 88].  
 
Restoring the functions of organ can be achieved by providing temporary scaffolds for 
the cell to grow into specific tissue. Various biodegradable polymers have been used as 
scaffolds in tissue engineering. For materials to be effective in tissue engineering 
scaffolds, the key properties of polymer scaffolds are high porosity and surface area, 
structural strength and three dimensional structures for enhanced cell attachment, 
migration and cell proliferations.  Various techniques have been developed to achieve 
those properties including fiber bonding, solvent casting, membrane lamination, melt 
molding, three dimensional printing, gas forming, freeze drying, phase separation, 
composite forms, in situ polymerization, etc. [88-94]. 
 
Among various scaffold fabrication techniques, electrospinning technique has been 
brought a great attention recently. Because electrospun nanofiber matrix has the structure 
similar to that of extra cellular matrix found in biological tissues and due to inherent 
properties of high porosity and enormous surface area it became a strong candidate for 
fabricating the scaffold. This structural benefit in cell scaffold interaction have been 
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noticed and explored by Ko et al. The effects of fibrous structure and fiber diameter of 
scaffold matrix on cell proliferation have been studied and among electrospun fibers, 
filaments and braided structures produced from the same Poly(Lactic-co-glycolic acid), 
electrospun fibers found to be able to provide the highest performance in cell attachment 
and proliferations [33, 95]. 
 
Recently, there have been a great effort in using various biocompatible polymers 
fabricated through electrospinning to be used as drug delivery, wound dressing and a 
scaffold materials including cartilage, blood vessel, muscle, etc. [96, 97]. Numerous 
synthetic and natural biocompatible polymers were electrospun and explored to be used 
in biomedical application. poly(L-lactic acid) and poly(glycolic acid) are the most 
commonly used synthetic polymers [98-100]. In biomedical applications the natural 
polymers are of great interests due to its strong biocompatibility. Various natural 
polymers such as chitosan, alginates, collagen, and silk worm silk, also have been 
electrospun into ultrafine fibers through electrospinning  [37, 57, 101-104]. Especially 
electrospun collagen and elastins have been extensively explored as scaffold materials  
[34, 105-107].  It has been suggested that roughness of the scaffold surface can increase 
cell attachment and proliferations [108, 109].  
 
The mixtures of poly(L-lactic acid) and poly(ε-CBZ-lysine) has been electrospun then 
were coated with genetically engineered recombinant collagen II variants for 
chondrocytes attachment and spreading for soft tissue regeneration [98]. Smooth muscle 
cell and endothelial cell proliferation on electrospun P(LLA-CL) nanofiber has also 
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shown promising results [99]. Poly(glycolic acid) electrospun fibers treated with HCL 
has shown the ability to improve the biocompatibility of PGA with rat cardiac fibroblasts 
and rat intramuscular implantations in vivo [100] 
 
It has been found that hydrophobicity of electrospun fibers and modification of surface 
properties can affect cell growth on the scaffold [110]. The composite nanofibers 
produced by co-electrospinning are believed to be able to increase cell growth by 
functionalization of the scaffold and increasing surface roughness. The preliminary study 
of surface modification using TiO2 nanoparticle with PVDF also showed enhanced 
fibroblast cell attachment. PVDF-TiO2 Composite nanofibers were prepared by co-
electrospinning with different amount of TiO2, from 1 % to 5 % by weight. Due to strong 
hydrophobicity of PVDF, the electrospun fiber mats were left in the medium for a few 
days to allow enough time for the cell to attach to the mat. The fibroblasts cell growths 
were measured at 3, 7 and 14 days. When fibroblasts were seeded, fibers with higher 
amount of TiO2 nanoparticles have shown about four times higher cell attachment 
comparing to pure PVDF fibers at early stages as shown in (Figure 12).  
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Figure 12. Alamar blue assay for cell proliferation on PVDF - TiO2 composite fibers 
  
The observations after two weeks found that the matrix with the highest ratio TiO2 
exhibited the highest number of cell. The results suggest that the increased surface 
roughness and hydrophilicity due to the inclusion of TiO2 nanoparticles can significantly 
affect the behavior of the scaffold. This also indicates that particle embedded 
nanocomposite fibers can be a strong candidate for various scaffold in tissue engineering 
field. This also can be incorporated with wound dressing and drug delivery application 
using electrospun nanofibers. Types of nanoparticle, functionalized nanoparticles and cell 
interactions between those particles are needed further research.  
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2.3.3.Protective textile, Filtration, Selective permeable membrane 
 
There has been an urgent need for effective protection against chemical and biological 
agents for soldiers and security providers. While the protection against chem/bio agents 
can be achieved by the use of impermeable membranes, these protective systems are only 
suitable for very short time usage. For a protective system to be effective for soldier’s 
uniforms, the materials system must possess the dual function of barrier against agents 
while allowing moisture-vapor to leave from the body. These military textiles are 
required to provide a wide variety of protections, including battlefield environmental, 
physiological and physical protection. To use protective membrane as a garment of the 
soldier, there are also requirements for textile properties. The required properties and 
design criteria are summarized in the (Table 4) [111].  
Needs Properties 
Lower Weight Lower Fiber specific gravity 
Lower Packing density 
Lower Bulkiness Lower Fiber diameter 
Higher  Packing density 
Higher  Durability Higher  Strength, toughness 
Higher Comfortness Higher  Permeability 
Lower Heat stress Higher  Thermal conductivity 
 
 
Table 4. Requirements for Chem/Bio Protective Membrane  
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For the protective membrane to be effective, various aspects are needed to be considered 
such as reduction of the weight and bulkiness, higher heat and moisture dissipation and 
longer protection against the chem./bio agents. Thermal comfort level or heat stress will 
determine how long one can operate effectively while wearing the protection gear. 
Thermal comfort can be estimated by moisture-vapor permeability and in this regard 
minimum values of the order of 2000-2500 g/m2 per 24 hours are required for a clothing 
system to be effective.  
 
To provide the protection against chem./bio agents with required comfort level several 
membrane concepts have been considered as depicted in ( 
Figure 13). Use of impermeable membrane can provide the highest level of protection but 
accumulation of heat and moisture inside the membrane limits the duration of usage of 
the membrane. The other approaches are the use of semi-permeable fabric and sorptive 
materials that can filter out or decompose the chemical agents or the use of selectively 
permeable/membrane materials sorption by activated carbon system can be achieved by 
using carbon powder or carbon fibers. The use of carbon powder can be in one of the 
forms of: foam; coated fibers; hollow fibers; and melt blown fibers. Activated carbon 
fibers can be used as nonwoven, flocked fabrics and laminated structures [112, 113]. The 
use of activated carbon is considered only a short term solution because it loses its 
effectiveness upon exposure to sweat and moisture. Alternatively, protection by chemical 
decomposition of the agents can be achieved by the use of reactive additives or reactive 
enzymes. 
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Figure 13. Selectively permeable membrane for Chem/Bio Protection 
 
Considering the various barrier concepts, it is concluded that neither the impermeable nor 
the permeable barrier systems are suitable because of the low level of heat dissipation 
through the impermeable barriers and the porous nature of the permeable systems. The 
semi-permeable barrier provides incremental improvement but the addition of the 
sorptive layer may serve as a reservoir for bacteria growth as well as adding bulk to the 
garment. Accordingly, the current design favors a system that is carbon free with 
selective permeable capability and which has the multiple functions of repelling 
chem./bio agents while allowing the body moisture vapor to escape. 
 
There are many examples of selective permeability phenomena in nature. This is evident 
in animal skins and egg shell membranes wherein the egg shell membrane protects 
against bacterial attack while keeping the egg fresh and alive by allowing it to breath. An 
examination of the morphology of the egg membranes, shown in (Figure 14), revealed an 
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interconnected fibrous network of fibers randomly organized, having fiber diameters on 
the order of 1-3 microns. The study by Ko et al, explored the feasibility of using the 
electrospinning process to construct a structure similar to that of the eggshell membrane 
using the polymers formulated and provided by UDC (Utility Development Cooperation) 
(Figure 15) [29]. 
 
The electrospun membranes tested for moisture vapor transmission by using the Thwing 
Albert permeation cups, performed at 110°F to simulate hot weather conditions showed 
that the moisture vapor transmission results of dip-coated nylon fabric with the same 
polymer as the electrospun polymer formulation were compared to uncoated nylon fabric. 
These dip-coated fabrics were about 6mil thick as compared with electrospun membrane 
at 10mil thick. As shown in (Table 5), the moisture vapor transmission through the 
electrospun membrane was equivalent to uncoated nylon fabric and there was no 
detectable moisture vapor transmission through the dip-coated   nylon fabric. Considering 
the water vapor permeability of the currently available protective membranes are on the 
order of 0.1 to 0.25 g/cm2, these results indicated that the electrospun membranes meet 
the requirements for wearing comfort over an extended period. This favorable 
comparison with the great performance of electrospun fibers was also found by Gibson et 
al [114].  
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Figure 14. Morphology of eggshell membrane 
 
Figure 15. Selectively permeable electrospun membrane for chem/bio protection 
 
Uncoated Nylon 
(g./cm2) 
Electrospun Membrane 
(g./cm2) 
Dip Coated Nylon Cloth 
(g./cm2) 
0.402 0.348 0.055 
0.323 0.105 0.012 
0.428 0.235 0.035 
 
 
Table 5. Water Vapor Loss of Various Membranes (gm/ cm2) 
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Chemical agent testing performed by Geomet Technology, an independent government 
certified facility, used HD (Sulfur Mustard) chemical agents for these tests. The results 
from Geomet showed the electrospun membrane using UDC-formulated product has 
more than 24 hours of HD chemical agent resistance. 
 
This study has demonstrated that ultra-fine fibrous membrane produced by 
electrospinning process is strong candidate to be used for chem/bio protection. It was 
shown that an interconnected fibrous network of various fiber diameters, analogous of 
that of natural membrane systems, can be produced for superior protection as well as 
adequate vapor permeability.  
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3. CdS-PEO COMPOSITE NANOFIBER 
 
This chapter of the thesis deals with the fabrication and characterization of CdS (quantum 
dots) and PEO (Polyethylene oxide) nanofiber nanocomposite. Novel fluorescent 
nanocomposite nanofiber material consisting of CdS and PEO were fabricated by the co-
electrospinning process. The process optimization was carried out to fabricate fibers 
ranging in diameter from 230nm to 280nm. These nanofibers having CdS were 
characterized by scanning electron microscopy (ESEM), spectrofluorometer, 
transmission electron microscopy (TEM), Raman spectroscopy and optical microscopy. 
The results confirmed that the fibers exhibit fluorescent properties and they were stable at 
room temperature. These new hybrid quantum dot/nanofibers have potential applications 
in various fields. This includes biomedical research areas such as sensor, drug delivery 
and scaffolds for tissue engineering, security devices like camouflage fabrics and damage 
detection of composite structure. We examined the feasibility of co-electrospinning 
process for the fabrication of quantum dots-PEO nanocomposite fibers. A detail 
optimization was carried out to fabricate continuous and uniform nanofibers without 
beads or droplets. Our results suggested that electrospun fibers served as a convenient 
and effective medium to carry the QDs and transmit their optical properties to various 
structure and products. The chapter begins with a brief introduction on CdS. Then, 
materials and methods used to fabricate nanofiber composite are described followed by 
the results and conclusion.  
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3.1.Background 
 
3.1.1.Quantum dots 
 
Quantum dots (QDs) are semiconductor nanocrystals with the diameter ranging from 2 to 
10 nm. Due to the quantum confinement effect, QDs exhibit distinctive and controllable 
photoluminescence properties with band gap which can be tailored by material selection 
and the particle size [115]. Both organometallic and aqueous synthesis methods have 
been developed to produce QDs with excellent properties. [51, 115-117] The properties 
and application of selected semiconductor nanocrystals are summarized in the (Table 6). 
 
The distinctive nanocrystals properties are mainly due to quantum confinement effect and 
vibration of lattice. Semiconductor materials require the energy for the electron in the 
valance to overcome the band gap and to combine the holes in the conduction band. 
When electron jumps over the band gap it binds with hole which is called exciton state. If 
external stimulation is sufficient and long enough these bound exciton remains bounded 
acting like an ion in the crystal. Electrons and paring holes in three dimensional bulk 
crystalline materials are free to move to any dimensions. Thus electron and hole pairs are 
not bound to certain location in the crystal to create stable natural distance. This is Bohr 
radius.  
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Table 6. Properties and application of quantum dots 
 47
This paring distance, Bohr radius, combining with Coulombic forces of electrons and 
holes defines where confinement effect is occurred and energy level required. For the 
bulk materials, with dimension larger than the radius, confinement effect would not show 
because of unbounded spatial location of exciton coupling. If size of one dimension is 
smaller than the Bohr radius, the confinement effect takes in place on where the 
dimension is smaller than the critical level. In semiconducting materials, the Fermi level 
lies between conduction and valance band resulting in the edge of band become dominant 
in electrical and optical behavior of crystal. This confinement effect and boundary 
condition is source of the discrete behavior of quantum dots. Due to this discrete 
properties and boundary condition defined on dimensions, QDs are considered as 0-D 
materials because the exciton pair is placed in shorter distance than exciton Borh radius 
in all dimensions [118-122]. 
 
To explain this energy level and hole electron pairing distance, Schrodinger equation was 
adopted in hydrogenic Hamiltonian by as following where me is effective mass of 
electron, mh is effective mass of hole, h is the Plank’s constant, ε  is the bulk optical 
dielectric coefficient, e is the charge [122]. 
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This approximation provides the first electronic transition which is band gap of an 
exciton with consideration of electron and hole separations, represented as he rr − . This 
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prediction has been confirmed experimentally for wide range of semiconductor 
nanocrystals.[115, 117] 
 
For the spherical semiconducting nanocrystals with radius of R, Brus showed the energy 
of lowest excited state is size dependent on the basis of the effective mass approximation 
as following [122].  
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This approximation enables to predict exciton energy levels for various materials using 
bulk band gap values and synthesized crystal size. 
 
 
When QDs are excited by sufficiently high energy, electrons of semiconductor in the 
valence band can overcome the band gap and jump into the conduction band. Being 
unstable at the high energy state, the electrons recombine with the holes in valence band 
releasing energy by emitting photons. The excitation and emission process of QDs is 
illustrated in ( 
Figure 16). This energy release by coupling effect is due by vibration of lattice relaxation 
of crystals. In the absence of exciton in the crystals, the lattice remains at equilibrium 
status. When exited electron overcomes the Fermi level of conduction band and combines 
with holes results in the formation of exciton which induce the lattice distortion by 
electric field generated from the coupling. The exciton then recombines leaving the 
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lattice to relax. During this relaxation process, the lattice vibrates and the internal field 
becomes equilibrium  [123]. Typically these processes occur with the exciation of QDs 
by UV light and emission of visible light.  
 
 
 
Figure 16. excitation and emission of quantum dots 
 
The advantages of QDs over the traditional fluorescent molecules include tunable 
fluorescence colors, broad excitation along with narrow emission spectra, bright emission, 
good photostability, and long fluorescence lifetime.[124-126]. The examples of this 
customizable optical properties by controlling the crystal size to tune the energy level  is 
demonstrated in (Figure 17) by Klostraneic [127]. When reducing the crystal size of 
CdSe, the band gap increase from 2 eV to 2.5 eV resulting in the change in light emission 
spectra shift from red color to blue. 
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Figure 17. Quantum dots showing different light emission with different size of particles 
 
Combing these unique optical properties with excellent stability of fluorescence, QDs 
became a powerful tool to be used as efficient imaging and tracking tools in various 
biological and medical applications. By immobilizing an antibody on their surface, QDs 
can bind selectively to a particular antigen and may be used for labeling live cell in vivo 
as well as in vitro [128-132]. Gao et al have demonstrated bioconjuagated QDs for 
locating cancer in vivo [133].  Their conjugated QDs were encapsulated with PEG then 
injected to trace the targeted cancer cell. The noticeable property of this composite 
nanoparticle is that the optical properties were not affected from the polymer coating in 
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absorption and emission spectra over broad range of PH. In biological application of QDs, 
the longer period of stability makes QDs superior labeling tool over the traditional dye 
[134]. The comparison of QDs and commonly used dye done by Wu et al demonstrated 
not only the high intensity of emission spectra but also continuous light emission with 
constant intensity while other conjugated dye ceased light emission for short period [135]. 
QDs can also be used as chemical sensor, which respond selectively to physiologically 
important metal cations, such as Zn2+, Cu2+, and detect the explosive 2,4,6-trinitrotoluene 
(TNT) in aqueous environments[53, 136]. Depending on the synthesis method QDs exist 
as particles dispersed in aqueous or organic solvents. QDs also have been applied in the 
electrical applications. The discrete optical behavior was believed to contribute optical 
computing development [137]. The unique excitation and emission behavior brought the 
attention for developing light emitting diode using QDs [138]. The QD-LED film has 
been demonstrated theoretically and experimentally by Raynools using PbSe quantum 
dots [139]. Red light emitting (CdSe)ZnS core-shell QDs monodispersed similar to the 
structure of two dimensional confined structured nanocrystals has been reported. The 
emission was dominated by the QDs band-edge emission as theory predicted [140]. 
Green light emitting diode using QDs composed of Cd-ZnSe alloy core and Cd-ZnS shell 
was successfully fabricated by Steckel using similar approach [141]. Further 
development of light emitting diode from QDs will lead to highly efficient with high 
intensity display devices. 
 
3.2.Materials and Methods  
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Quantum dots from CdS were prepared using an environmentally friendly and low-cost 
synthesis procedure described elsewhere.[142] Unlike traditional organometallic method 
this procedure has an advantage of utilizing one step reaction of simple inorganic 
precursors. An aqueous solution of CdS QDs can be prepared in water by the reaction 
between cadmium nitrate [Cd(NO3)2] and sodium sulfide [Na2S] with 3-
mercaptopropionic acid [MPA] as the capping molecules. The resultant clear aqueous 
QDs suspension remains stable for more than 12 months at 4oC away from light.  
 
5% PEO (Mw 600,000, purchased from Sigma) by weight was dissolved into various 
concentrations of aqueous CdS solution by magnetically stirring for 24 hours. The PEO-
CdS spinning dope was transferred to a glass syringe containing 18-gauge needle and 
electrospun. The tip-to-collection plate (covered with aluminum foil) distance and the 
voltage applied were varied for the formation of continuous and uniform fibers.  
 
The concentration of as received CdS solution and ratio of CdS to PEO of resulting fibers 
are calculated in (Table 7). The specific gravity of commercially available cadmium 
telluride is approximately 0.9 thus as received CdS particles are assumed to have similar 
property. This assumption would result in slightly lower volume ratio of CdS to PEO 
than that of weight ratio.  
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CdS Solution 
Concentration 
1.6 mM 6.4 mM 12.8 mM 
CdS Ratio in 
Electrospun Fiber 
0.44% 1.73% 3.39% 
 
 
Table 7. Solution concentration of CdS used during electrospinning process and 
approximation of CdS amount by weight in PEO in electrospun fiber 
 
 
Figure 18. Prepared CdS-PEO solution under UV light 
 
 As received CdS solutions under UV light are shown in (Figure 18) as clear yellowish 
liquid. After PEO was dissolved into these solutions they were became opaque due to 
optical property of PEO solution but yellow florescence were observed. Pure PEO 
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solution was appeared to be bluish under UV light which is appeared to be opaque with 
naked eye. The solutions in the figures are 1.6 mM, 6.4 mM, 12.8 mM, PEO, 5 wt% PEO 
in 1.6 mM, 5 wt% PEO in 6.4 mM and 5 wt% PEO in 12.8 mM from left to right. 
 
3.3.Results 
 
3.3.1.CdS particles  
 
Size of as received CdS particles in solutions were measured using dynamic light 
scattering (Malvern Zetasizer Nano) and TEM (JEM 2010-F). The particles size and 
distributions shown in (Figure 19) indicated that the particle sizes were in the range of 6 
nm to 9 nm from all four solutions. About 100 nm size of impurities from synthesis were 
observed. The relative intensity of these impurities was larger in lower concentration of 
CdS solution and became lower as solution concentration increases. The 
photoluminescence spectroscopy as described later confirmed that the impurity did not 
alter or affect the fluorescence properties of the solution. TEM was also used to measure 
the dried CdS particles as shown in (Figure 20). The particles were found to be spherical 
and diameters were 6~9 nm which agrees to the measurement by the light scattering. 
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CdS 1.6 mM 
CdS 6.4 mM 
CdS 12.8 mM 
CdS 0.4 mM 
 
Figure 19. CdS particles size analysis by dynamic light scattering 
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Figure 20. TEM of CdS Particles 
 
3.3.2.Process Optimization and Fiber Diameter Distribution 
 
To fabricate CdS-polymer composite fibers, 5 wt % of PEO were dissolved into 1.6 mM, 
6.4 mM and 12.8 mM concentrations of aqueous CdS solution then electrospun. A 
spinning distance of 20 cm and voltage of 15 kV were found to be optimum parameters 
for formation of continuous and uniform nanofibers without beads or droplets.  
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The SEM was used to measure the fiber diameter of electrospun fiber. (Figure 21) shows 
the fiber morphology and diameter distribution of various nanocomposite structures. The 
Composite nanofibers fabricated were found to be uniform in size as well as morphology. 
It has been fount that the increase in the CdS concentration resulted in the decrease in 
composite nanofiber diameter. Average fiber diameter obtained from 5 wt% PEO-water 
solution without CdS particle was 290 nm. The average diameter of the fibers with 
combination of different CdS solution concentration were 271 nm, 226 nm and 225 nm 
from 5 wt % of PEO dissolved in 1.6 mM, 6.4 mM and 12.8 mM of CdS solution 
respectively.  The smallest fiber diameters were observed bellow at 100 nm ranges. CdS-
average fiber diameter were plotted in (Figure 22) for comparison. 
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Figure 21. ESEM of fibers and fiber diameter distribution. (a) 5 wt% PEO in water (b) 5 wt% PEO 
in 1.6 mM CdS, (c) 5 wt% PEO in 6.4 mM CdS, (d) 5 wt% PEO in 12.8 mM CdS 
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Figure 22. Average fiber diameter of CdS-PEO composite nanofiber 
 
TEM images of the PEO-1.6 mM CdS electrospun fibers and as-received CdS solution 
are shown in ( 
Figure 23). After electrospinning CdS particles were distributed in a matrix formed by 
PEO. This confirms the presence and distribution of CdS particles in the electrospun 
nanocomposites. As shown in the figures, localized particle agglomerations were also 
observed. These concentrated particles are believed to be the source of bright spots found 
from optical microscope. The agglomerated particles were more often found from the 
fibers fabricated using higher concentration of CdS solution. Overall fibers were found to 
possess CdS particles in and on the fibers. 
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Figure 23. TEM of electrospun PEO-CdS 
 
3.3.3.Photoluminescence Spectra 
 
Photoluminescence (PL) spectra were measured on the CdS solution ( 
Figure 24), CdS particles, CdS-PEO solution (Figure 25) CdS-PEO film (Figure 26) and 
electrospun fibers(Figure 27). The peaks of emission wavelength of as-prepared solution 
were 550 nm, 530 nm and 540 nm from 1.6 mM, 6.4 mM and 12.8 mM of CdS solution 
respectively. The highest emissions were observed from excitation of 375 nm, 380 nm 
and 380 nm for 1.6 mM, 6.4 mM and 12.8 mM of CdS solution respectively. The low 
concentration of CdS solution (1.6 mM) appeared to have the highest PL intensity. This is 
believed due to from the interactions between CdS particles in the solution. The higher 
concentration CdS particles in the solution may form clusters with each other thus may 
resulted in the lower electron exchange on the interface. Also higher concentration of 
CdS solution contains excessive undesired remaining impurities from the solution 
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synthesis which could disturb optical transmission in the media. Even the emission 
intensity of the CdS suspension were different to each other, the emission wavelength 
remained virtually in the same reason. This suggest that optical properties of composite 
fibers from these CdS solution can be easily controlled on broad range without altering 
the wavelength by changing content of the CdS particles in the composite nanofibers. 
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Figure 24. Photoluminescence of CdS suspension 
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Figure 25. Photoluminescence of CdS-PEO solution 
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Figure 26. Photoluminescence of CdS-PEO film 
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Figure 27. Photoluminescence of CdS-PEO electrospun composite fiber 
 
As plotted in (Figure 25) the pure PEO-water solution did not show fluorescence property. 
There was a slow decay in the emission spectrum from 400 nm to 800 nm. These optical 
changes caused by PEO addition are reflected in emission PL spectra around 400 nm to 
500 nm. When 5 wt % of PEO was mixed with the various concentration of CdS 
solutions, the peaks were observed at emission wavelength of 530 nm, 545 nm and 543 
nm from 1.6 mM, 6.4 mM and 12.8 mM solutions respectively. The excitation wave 
lengths were 375 nm, 380 nm and 380 nm for the solutions of 1.6 mM, 6.4 mM and 12.8 
mM of CdS respectively. There were slight shift in the emission wavelength from CdS 
solution. It was found that the addition of PEO did not have effect on the emission 
wavelength change but decreased the emission intensity of the solution from aqueous 
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CdS solution. The peaks of emission wavelength of electrospun fibers and cast film were 
observed. The emission wavelength of CdS-PEO electrospun fibers were observed at 529 
nm, 541 nm and 534 nm from the PEO-CdS composite fibers of 1.6 mM and 6.4 mM and 
12.8 mM respectively. The excitation wavelengths for the composite nanofiber were 
same as that of CdS-PEO solution. The emission wavelengths were found to be similar 
from the cast films of CdS-PEO solutions. 
 
At lower content of CdS in solution and solid, there was overlapping of the emission 
from PEO in the wavelength lower than 500 nm. This overlapping diminishes when CdS 
concentration increase. Because the peak emission of CdS was found from 530 nm to 545 
nm, the emission from the PEO should not interfere to distinguish the CdS composite 
fibers from different optical fibers. However to enhance the emission strength the higher 
concentration of CdS in the composite fibers will provide the stronger emission intensity.  
 
3.3.4.Raman Spectra  
 
Chemical composition changes of CdS before and after the electrospinning process were 
analyzed using Raman spectra (Renishaw 1000 Raman Microspectrometer). Red laser 
(780 nm for excitation wavelength) was used to confirm the existence of CdS in the fiber. 
Raman spectra of obtained CdS particles are plotted in (Figure 28).  
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Figure 28. Raman spectroscopy of CdS particles 
 
Badr et al found that there are five bands appearing on their CdS particles and two 
pronounced peaks at 557 and 1094.2 [143]. Peaks at 994 cm-1, 785 cm-1 and 1942 cm-1 
were very weak. The band at 557 cm-1 was believed to be due by the vibration of S-S 
bonding. The Raman band at 1094 indicates the bonding of -SO-OH-. Raman band at 
1380 found in our CdS has never been reported previously. This band is normally 
associated with the vibration of –OH in the polymer and we believed it to be originated 
from the impurities of synthesis [143, 144].  
 
From the dried CdS particles, the peaks at 723 cm-1 and 1084 cm-1 were clearly observed 
in both spectra of CdS particles as well as electrospun fibers containing CdS particles. 
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Regardless of the solution concentrations, the two pronounced Raman band at 723 cm-1. 
Raman spectroscopy of electrospun PEO without CdS is shown in (Figure 29). The two 
pronounced peaks of 723 cm-1 and 1084 cm-1 were not found in the PEO Raman spectra. 
Relatively complex bands of typical polymeric materials were observed such as strong 
842 cm-1 for carbon-carbon bonding, 1279 cm-1 for CH-OH bending and C-OH vibrations 
at 1139 cm-1  
 
Figure 29. Raman spectrospcopy of electrospun PEO 
 
Raman spectra of electrospun fibers containing CdS particles are shown in (Figure 30). 
All the bands that are present in PEO are present in PEO-CdS composite as well, 
particularly the  bands have higher intensities at 842 cm-1, 1084 cm-1 and 1139 cm-1, the 
unique bands from CdS at 723 cm-1 and 1084 cm-1 were also present. The Raman shift of 
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CdS was virtually identical with that of dried CdS particles. The bands from PEO also 
appeared in the Raman shift.  
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Figure 30. Raman spectroscopy of electrospun PEO-CdS particles 
 
The representative Raman shift of CdS particles, electrospun PEO with and without CdS 
particles are illustrated in (Figure 31). It is clear that Raman bands of each organic and 
inorganic material were not shifted during the electrospinning process. This suggests that 
there is no chemical bonding between CdS and PEO which take place during the 
electrospinning process.  The chemical status of CdS and PEO does not seem to change 
through the process which involves high electric filed to produce the fibers. Instead of 
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chemical composition changes, PEO is believed to encapsulate the CdS particles in the 
fibers. This encapsulation is proved to be effective in preventing the CdS degradation due 
to oxidation. It also has been proved that by providing the mechanical stability to CdS 
particles by immobilizing CdS particles in the polymeric fibers, the chemical stability of 
CdS particles was also improved.  This enhanced stability will contribute to convenient 
application of CdS-polymer composite fibers for longer period to various applications. 
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Figure 31. Raman spectroscopy of CdS and electrospun fibers 
 
3.3.5.Optical Microscopy 
 
Optical microscopy pictures were taken from the same spot of the electrospun samples 
with and without UV excitation as shown in (Figure 32). Nanofibers from PEO-water did 
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not show any fluorescent properties. Without CdS particles, PEO fibers were only visible 
under normal light. However fibers containing CdS particles were visible under normal 
as well as fluorescence light. Each and every fiber containing CdS were fluoresced under 
UV excitation of 380 nm. 
 
It was found that single fibers containing the CdS were fluoresced with excitation from 
the UV light. There were also bright dots on the fibers which are assumed to the 
agglomeration of CdS particles in the fiber. 
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Figure 32. Fluorescence optical microscopy and of electrospun PEO-CdS composite nanofiber 
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3.3.6.Application 
 
To demonstrate the scalability of electrospun fibers and broaden the CdS-PEO composite 
fiber applications, approximately 5 mm by 5 mm fabric was weaved from electrospun 
fiber mat and observed under UV light. These yarns were then hand woven as shown in 
(Figure 33).  A woven fabric consisting of PEO and PEO-CdS yarns was utilized to 
demonstrate the optical difference under naked eye. When this fabric was examined 
under a UV lamp we could clearly make out the difference. Figure 33-(a) shows the 
naked eye view of a woven fabric. One cannot differentiate between yarns having PEO 
from the PEO-CdS composite yarns. However under UV lamp PEO-CdS composite yarns 
appeared yellowish in color while pure PEO yarns did not show any fluorescence. 
 
In (Figure 34) another structure of electrospun nanofibers mats is shown. After depositing 
CdS-PEO fibers on 2 cm by 2cm substrate, extra layer of pure PEO was electrospun over 
the CdS-PEO fiber mat. When enough amount of PEO was deposited the substrate 
appeared to be the homogeneous white film. Under UV light the hidden lower layer of 
CdS-PEO brightened up. 
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Figure 33. Naked eye views of hand woven nanofibrous yarns containing mixture of 
PEO and PEO-CdS composite fibers and fluorescence microscopy. (a) woven 
structure under normal light (b) woven structure under UV light. (c) Regular 
optical microscope and (d) Fluorecscence microscope image 
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Figure 34. Layers of electrospun CdS-PEO fiber mat for security application 
 
3.4.Conclusion 
 
Particle reinforcement of textile fibers is a common practice in the composite industries 
to enhance the properties. To introduce new properties and to utilize the benefit of 
enormous surface area that fine fiber can provide co-electrospinning process was used to 
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fabricate nanofibers from PEO and CdS quantum dots. By combining various 
concentrations of CdS in PEO and co-electrospinning them we generated a composite 
structure at nanoscale level. It was successfully demonstrated that nanofibers are unique 
and effective media for translation of the CdS properties. Our results suggested that as we 
increase the concentration of CdS there is a decrease in fiber diameter. It has been known 
that electrical properties of solution and charge density applied to solution during the 
electrospinning play an important role in the fiber forming. [37, 145, 146] We believe 
that inclusion of CdS particles alters the electrical properties of solution resulting in 
decrease of fiber diameter. However validity of this theory needs to be confirmed in the 
future with the consideration of multiple parameters such as conductivity, dielectric 
permittivity, solution surface tension, solution viscosity…etc.  
 
The photoluminescence spectra suggested that lower concentration of as-received CdS 
had higher intensity. This was believed in part due to higher concentration of excess 
MPA and other ions in the suspension which were produced during the synthesis of CdS 
solution. Also, higher concentration might promote the formation of CdS clusters 
trapping the charge carriers in the interfacial states and preventing the electron-hole 
recombination. The neighboring clusters might absorb the emission by another particle 
thereby reducing the PL intensity. The emission PL of pure PEO showed decreasing 
slope from solution as well as electrospun nanofibers. The mixture of PEO in CdS had 
tendency of decrease spectrum up to 475 nm then it increased due to the nature of PEO. 
As the lowest concentration of CdS solution showed the highest intensity, there was the 
least overlapping from 1.6 mM CdS-PEO solution. However this PL trend disappeared 
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when 12.8 mM CdS-PEO was electrospun into nanofiber. This suggests that high 
concentration of CdS in fiber is more desirable to have higher intensity of fluorescence 
from composite fiber. The optical microscopy and naked eye examination under UV 
lamp of electrospun nanofibers proved that the fluorescence properties of CdS are intact 
and one can use this technique for variety of applications.  
 
In this study we have successfully incorporated quantum dots in PEO using the co-
electrospinning process. The nanocomposite fibers were fabricated without 
compromising the fluorescence properties of quantum dot. It was demonstrated that 
quantum dot particles were intimately blended in the less than 300 nm PEO fibers 
without sacrificing their molecular structure and optical properties. The morphology of 
fibers was uniform at voltage of 15 kV, 20 cm spinning distance with the addition of 5 
wt% PEO. The photoluminescence spectra were repeatedly observed for the solution kept 
in room temperature for 3 months. The solutions showed outstanding stability of quantum 
dot by the same photoluminescence spectra for entire 3 month duration. The fabricated 
fibers also showed strong fluorescent properties over several months without 
photobleaching at room temperature. 
 
Particle filled nanocomposites are suitable for many applications which require flexible 
structure with properties of polymer and particles. However coating of fiber is usually 
accompanied with decrease in flexibility and risk of wearing off of the particles. Co-
electrospinning of polymer and particles into ultrafine fibers demonstrated in this study 
has provided alternatives for these applications. Nonwoven mats of electrospun fiber are 
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extremely flexible and have high surface area to volume ratio due to its fine fiber 
diameter. Success in the development of composite nanofibers by the co-electrospinning 
has created a new pathway to connect nanoscale effect to macro structure performance. 
This will lead to the creation of new family of advanced product of quantum dot and 
polymer such as optical/biological sensors, biological labeling, tissue engineering, anti-
counterfeiting, multi-functional textile and damage detection for composite structures.  
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4. FABRICATION AND CHARACTERIZATION OF SUPERPARAMAGNETIC 
COMPOSITE NANOFIBER 
 
4.1.Background 
 
Magnetite (Fe3O4) is well known magnetic material for its ferromagnetic properties. This 
ferromagnetism is induced by the magnetic moment due to electron spin. In 
ferromagnetic materials, coupling interactions of neighboring atoms align atomic dipole 
with one another resulting in the permanent magnet without external electrical field or 
magnetic field. For some solid materials, inherent magnetic moments are randomly 
oriented in the absence of external magnetic field but they align in the presence of 
external magnetic field. This phenomenon is referred as paramagnetism. Natural 
ferromagnetic material loses its atoms ordering at high temperature and shows 
paramagnetic behavior due to thermal energy. The family of magnetic nanoparticles can 
be synthesized through various chemical routes including arc discharging and chemical 
precipitation [49].  
 
4.1.1.Magnetic Properties and Magnetic Nanoparticle 
 
The magnetism is due to the net moment of spin motions of electron and their 
interactions with each other. Depending on the magnetic behavior of the materials, the 
magnetic materials can be classified into diamagnetic, paramagnetic and ferromagnetic 
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materials. Diamagnetic materials do not have any net magnetic moment and orbiting 
electrons do not cooperate with each other under external magnetic fields. Paramagnetism 
appears in the materials having unpaired electrons such as iron. Electrons in these 
materials usually do not interact with each other thus the net magnetic moment remains 
zero. When there is an external magnetic field applied, the partial alignment of atoms 
cause magnetic moment in the direction of magnetic field. Ferromagnetism and 
ferrimagnetism are magnetic properties that exhibit net magnetic moment without 
external magnetic field applied and are considered as permanent magnetic materials. 
Ferromagnetic materials have parallel alignment of orbiting electrons resulting in strong 
interactions between electrons. Unlike ferromagnetic materials, ferrimagnetic materials 
have antiparallel aligned orbiting electrons due to crystal structure composed of different 
layers exhibiting opposite directions of orbiting electrons.   
 
Magnetite (Fe3O4) is well known permanent magnet with ferrimagnetism. As illustrated 
in (Figure 35) the magnetic structure is composed of two sublattices separated by oxygen 
atoms. Each lattices separated by oxygen interacts with each other resulting in an 
antiparallel alignment of spins between the tow separated lattices. The magnetic moments 
of two separated lattices in ferrimagnetic materials are not identical thus net magnetic 
moments are generated.  
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Figure 35. Origin of ferrimagnetism and crystal structure of Fe3O4 
 
The unique property of ferromagnetic and ferrimagnetic materials is remnant 
magnetization shown in cycles of hysteresis in (Figure 36) [147]. When applied external 
magnetic field is removed the ferromagnetic and ferrimagnetic materials can maintain the 
magnetic moment unlike paramagnetic materials. The altered magnetic moment remains 
intact until strong enough external magnetic fields are applied. Magnetic storage devices 
uses this phenomenon is for various applications. 
 
Some basic material properties change significantly as overall size decreases from bulk to 
nano scale. Magnetism is one such property. Typically, macroscopic magnetic materials 
are separated into domains or sections where magnetic spins are cooperatively oriented in 
the same direction. In the presence of an external magnetic field, these domain spins tend 
to align with that field, creating an overall magnetic moment [71, 118, 148]. There is a 
critical particle diameter for each type of material below which domain walls cease to 
exist due to surrounding thermal energy. The bulk ferromagnets are materials that retain a 
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permanent residual magnetic moment in the absence of an external magnetic field. 
Particles smaller than this critical diameter are made up of single domain. Hence they 
loose their bulk properties. Estimates for the critical particle diameters for single 
magnetic domains are summarized in (Table 8)[149]: 
 
Figure 36. Hysteresis of multidomain magnetic materials 
 
When single domain particles are subjected to an external magnetic field, the particle 
magnetic moments align with the field. If there is complete randomization of the 
orientations of the particle magnetic moments when the applied magnetic field is 
removed, the material is considered to be superparamagnetic( 
Figure 37)[149-151].  
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Metal Critical particle diameter (nm)
Cobalt 70 
Iron 14 
Nickel 55 
Iron oxide (Fe3O4) 128 
 
 
Table 8. Critical metalic particle size for single magnetic domian 
 
 
 
Figure 37. Randomized grain and oriented grain of superparamagentic particles 
under external magnetic field 
 
When the diameters of ferromagnetic particles approach 100 nm or lower the 
ferromagnetic particles exhibit paramagnetic properties at room temperature. This 
phenomenon is referred to as super paramagnetic property. In magnetic storage industry 
this thermal limit becomes a great challenge in fabricating high density storage devices. 
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The achievable storage density becomes limited at given volume on room temperature 
operation while the demand for the higher density of storage device has been rapidly 
growing [151, 152].  
 
Typically these superparamagnetic particles exhibit a great susceptibility to external field 
making it suitable for various applications. The nanosized superparamagnetic particles 
ranging from 5 nm can be synthesized by various paths such as simple ball milling[153], 
arc discharging, thermolysis of Fe precursor and precipitation [49, 154-156]. 
 
In biomedical applications, the high susceptibility of superparamagnetic particles 
combined with drug delivery system is an active research area. It has been proved that 
drugs coupled with magnetic particles can be driven to targeted area by external magnetic 
field then drugs can be released. This is particularly useful in minimizing the side effect 
of drugs on healthy organs and reducing dosage thereby increasing the effectiveness of 
the drugs. These particles are also effective as image contrast agent in magnetic resonant 
imaging and for cancer tracing [147, 157-159]. There has been much interests in 
hyperthermia cancer treatment by externally applied magnetic filed to drive ferrofluids to 
targeted area and then inducing the heat generation from the magnetic particles [160, 
161]. While ferrofluids have been extensively used in biological application, organic or 
inorganic magnetic composite materials have attracted attention since few decades. The 
characteristics of these composite systems in electrical, magnetic and mechanical 
properties have provided additional applications using nanosized superparamagnetic 
particles. Magnetic nanoparticle fiber composite is also good example of functional 
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nanocomposite structure with wide area of applications such as electromagnetic 
interference (EMI) shielding with combination of conductive polymeric materials[1, 150, 
162-166]. 
 
4.1.2.PVDF-TeFE   
Poly(vinylidene fluoride) (PVDF) has enjoyed much commercial and research interest in 
the past 35 years due to its unique characteristics. Industrially, PVDF has found much 
usage. PVDF is a tough engineering thermoplastic that has excellent thermal, chemical, 
and UV radiation degradation resistance, which has caused PVDF to be used extensively 
in the chemical processing and coatings industries.  The chemical formula of PVDF is 
(CF2-CH2)n, and in this regard its chemical and mechanical characteristics have a synergy 
of the desirable properties of poly(tetrafluoroethylene) (PTFE, or Teflon®) (CF2)n and 
poly(ethylene) (PE) (CH2)n while minimizing the undesirable aspects of these resins.  The 
strong nature of the carbon-fluorine bond imparts degradation resistance, while the 
presence of the dihydrogen substituted carbon enables chain dynamics that allow for both 
melt process ability in the molten state and crystallization upon cooling to ambient 
temperature.  The polarity along the chain backbone imparted by the CH2 group also 
causes PVDF to be soluble in a reasonable amount of solvents, thus allowing PVDF 
coatings to be applied using conventional coating procedures [167, 168]. 
 
Aside from the ductility of PVDF, the motivation for its use in this study is the electrical 
properties which one of the crystal polymorphs possesses. The polymorph that exhibits 
ferroelectric, piezo- and pyroelectric behavior is commonly called Type 1, or β phase.  
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The polarity which causes these properties is facilitated by the polymer chains being 
oriented in the all trans configuration (planar zigzag) which enables the negatively 
charged fluorine atoms to be aligned on one side of the carbon-carbon backbone and the 
positively charged hydrogen atoms to be aligned on the opposite side.  This polarity is 
preserved in the stacking sequence of the pseudo-hexagonal unit cell with orthorhombic 
symmetry.  The difficulty in obtaining this arrangement lays not so much in growth of the 
crystal structure as it does in the difficulty the chain has in attaining the all trans 
conformation.  This conformation causes the fluorine atoms to be 2.56 Å apart, which is 
closer together than the sum of their van der Waals radii, 2.7 Å.  PVDF typically must be 
elongated just below the melting and quenched, or crystallized under high pressure, in 
order to attain this conformation and allow growth of β phase [76, 167, 168].   
 
The material studied in the present work, poly(vinylidene fluoride-co-tetrafluoroethylene), 
is a PVDF copolymer containing 19 percent tetrafluoroethylene (TeFE) monomer.  The 
presence of TeFE in the backbone of the chain is reported to nucleate β phase 
crystallinity.  The mechanism of this has been understood for some time. Because the two 
extra fluorine atoms become incorporated into the row of hydrogen atoms, and since 
fluorine has a larger van der Waals radius than hydrogen, the fluorine atoms extend the 
length of the row of hydrogen atoms which necessarily reduces strain on the adjacent row 
of fluorine atoms. The all trans conformation thus becomes the more thermodynamically 
stable conformation. Regardless of the use of pure PVDF or copolymer, the β phase 
microstructure must be exposed to a rigorous poling process to align the dipoles to 
achieve the maximum electrical behavior. The piezoelectric strain constants have been 
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reported to vary with temperature and go through changes that mirror the dynamic 
mechanical relaxation behavior, so temperature does play a role in the electrical 
properties[168-171]. 
 
β phase PVDF has interesting electrical properties compared to other materials. It has 
high dielectric constant compared to other organic materials and piezoelectric property 
(Table 9) [169, 172]. Piezoelectricity is the ability of changing its dimension when 
subjected to an electric field and generating electric field under the stress.  
Piezoelectricity in the PVDF was found in 1960’s and has been used in various fields 
such as sensing and actuation area.  (Table 10) provides a comparison of the piezoelectric 
properties of PVDF, PVDF-TeFE and popular piezoelectric ceramic materials[75, 76]. 
PVDF has low density and excellent piezo sensitivity, and is mechanically tough.  The 
sensitivity of piezo film is 10 times greater than the sensitivity of ceramics. The 
piezoelectric properties of piezoelectric materials are summarized in (Table 9) and (Table 
11).  
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Physical 
Property 
Lead 
Zirkonate 
Titanate 
PZT-5 
Lead 
Titanate 
PT 
Lead 
Metaniobate 
PbNb2O6 
Polyviylidenefluoride 
PVDF (Copolymere) 
PZT-
PVDF 
Composite 
Acoustic 
Impedance Z 
[106 kg/m²s]  
33,7 33 20,5 3,9 9 
Resonant 
Frequency f 
[MHz]  
< 25 < 20 < 30 160 -10 (55 - 2) < 10 
Coupling 
Coefficient 
(thickness mode) 
kt  
0,45 0,51 0,30 0,2 (0,3) 0,6 
Coupling 
Coefficient 
(radial mode) kp  
0,58 < 0,01 < 0,1 0,12 (k31) ~ 0,1 
Relative 
Dielectricity  1700 215 300 10 450 
Maximum 
Temperature 365 350 570 80 100 
 
 
Table 9. Physical Property of Piezoelectric Materials 
Dielectric constant 60Hz 1MHz 
PVDF 12~14 12~14 
PE 2.3 2.35 
PTFE 2.0 2.0 
Polypropylene 2.22~2.28 2.22~2.28 
Polycarbonate 3.17 2.96 
Epoxy (with silica filler) 3.2~4.5 3.0~3.8 
 
 
Table 10. Dielectric constant of common polymers 
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 PVDF-TeFE PVDF PZT 
Dielectric Constant(ε/εo) 6.8~8.8 14 1200~2000 
Acoustic Impedance ((106)kg/m2-sec) 2.7 2.7 30 
Piezo-Strain Constant((10-12)C/N) 11 23 110 
Piezo-Stress Constant((10-3)Vm/N) 162 216 10 
 
 
Table 11. Piezoelectric materials and theris piezoelectric properties 
 
These unique properties such as high elastic compliance, high dielectric strength, high 
voltage out from the stimulation, wide operational frequency range and low acoustic 
impedance enable PVDF and PVDF copolymers to be well suited to strain sensing 
applications requiring very wide bandwidth and high sensitivity.  As an actuator, the 
polymer's low acoustic impedance permits the efficient transfer of a broadband of energy 
into air and other gases [173, 174]. As shown in (Table 9), ceramic piezoelectric 
materials exhibit order of hundreds or more of actuation comparing to organic 
piezoelectric materials. However, PVDF and its family showed at least 10 times more of 
sensitivity. Combining the advantages of these two types of material enables the 
production of new types of highly sensitive ultrasonic transducer. The advantage of 
employing polymeric materials is not limited to the sensitivity. The low density of PVDF 
provides superior impedance matching in the contacts with skin which will lead even 
higher sensitivity in such mission critical application. Moreover, fabrication of 
piezoelectric materials with extremely high surface area which can be achieved via 
electrospinning process will open up new level of performance in sensor applications. 
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4.2.Materials and Methods 
 
In this study, various concentrations of PVDF-TeFE Poly(VDF/TeFE) copolymer 
(vinylidene fluoride/ tetrafluoroethylene 80/20 molar% -- Kynar® 7201) powder was 
dissolved into a mixture of Dimethylformadide and 2-Butane or methyl ethyl ketone  
(MEK). Through the process the electrospinning process has been optimized and 
characterized. 5 wt% and 10 wt% of dispersed 20~30nm Fe3O4 nanoparticles (purchased 
from Nanostructured & Amorphous Materials, Inc) were blended into the 20 wt% of 
polymer solution composed of 75 % of MEK and 25 % of DMF for co-electrospinning. 
Various process parameters such as solution concentration, distance between target and 
nozzle and the effect of different types of solvent were evaluated in order to optimize the 
electrospinning process. The morphology, mechanical properties, dielectric property and 
magnetic properties of nanocomposite were characterized.  
 
4.3.Results 
 
4.3.1.Optimization of PVDF-TeFE Electrospinning 
 
One of the most important parameters affecting the formation of the fiber and its diameter 
in the electrospinning process is Berry’s number (Be. No) which is the product of the 
intrinsic viscosity by the concentration of the polymer in the solvent. It is also indirect 
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indication of the degree of chain entanglement inside the solvent. For each polymer 
solution there is a spin-able zone which, different from one polymer solution to the other. 
It has been found from majority of polymer solvents system in electrospinning system 
that about Be=1 there is a fiber formation with large beads. When Be increases the beads 
formation start to diminish and fiber diameters tend to increase. When Be is over 4, the 
solution concentration becomes too high for stable electrospinning. The jet formation on 
the tip of nozzle becomes extremely unstable. Fiber diameter over this range does not 
show noticeable changes. 
 
The Berry number has been measured on PVDf-TeFE with MEK by measuring intrinsic 
viscosity of the polymer solution. To evaluate the Be on this solution, PVDF-TeFE 
powder was dissolved in MEK with the concentration ranging from 15wt% to 25wt% and 
spun on a 10cm×10cm copper plate.  The distance of the spinneret to the copper plate 
was maintained at 20cm, and the diameter of capillary tip was 0.8mm.  To obtain the 
Berry number, the viscosity of dilute PVDF solution was measured using the Cannon 
Fenske routine viscometer (ASTM D 445) at 22°C.  The morphology of the PVDF fibers 
was observed from SEM 
 
The Be number is plotted to the PVDF-TeFE-MEK solution concentration in (Figure 38). 
At 10 wt % of PVDF-TeFE was found to have Be=1.5 and 25% for Be=3.75. This 
suggests working window of electrospinning solution concentration. 
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Figure 38. PVDF-TeFE solution concentration and Berry Number 
 
The relationship between Be and fiber diameter has been shown in (Figure 39). At 
Be=1.75, majority of beads disappeared from PVDF-TeFE fibers. When Be increases 
average fiber diameter tend to increase from 400 nm to over 1 um. Around Be=2.5 the 
electrospinning process became very unstable and the nozzle dried often resulted in 
discontinuation of the electrospinning processing.  
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Figure 39. PVDF-TeFE fiber diameter and Berry number 
 
  
Based on the Be found from PVDF-TeFE/MEK system the workable concentration range 
that can be electrospun smoothly was determined to be between 17 wt % and 23 wt %. 
Further optimization was performed on various solution concentrations and combination 
of dimethlyformamide (DMF) and MEK. While solution concentration varied from 17 
wt % to 23 wt %, has been mixed with MEK from 25 % to 75 %. The effect of solution 
concentration and solvent types on the fiber morphology and the fiber diameters are 
shown in (Figure 41), (Figure 40) and (Table 12). 
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Figure 40. The effect of solvent type and concentration of electrospun PVDF-TeFE fiber diameter 
and morphology 
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Figure 41. PVDF-TeFE Fiber diameter with differnt types of solvent and concentrations 
 
MEK-DMF 100-0 75-25 50-50 25-75 
484.7 444.9 219.4 156.9 
17 wt% 
±291.3 ±209.7 ±146.4 25.5 
675.2 618.6 511.2 ±381.4 
20 wt% 
±234.1 ±196.5 ±158.2 ±76.3 
854.1 661.2 603.1 475.5 
23 wt% 
±250.9 ±137.5 ±166.0 ±156.3 
 
 
Table 12. Fiber diameter of electrospun PVDF-TeFE with various concentration and combination of 
solvent 
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It was found that as DMF ratio increases the fiber diameter decreases. At 17 wt % 
average fiber diameter was approximately 486 nm with 100 % of MEK. Occasionally, 
beads formation was observed. When the ratio of DMF was increased the fiber diameters 
decreased with increased bead formations. At 75 % of the DMF, average fiber diameter 
decreased to 150 nm but there were mainly beads on collected fiber mat. The same trends 
were observed at 20 w % and 23 wt % solutions. At 75-25 % of DMF-MEK, increasing 
solution concentrations to 23 wt % enabled to electrospin relatively unform PVDF-TeFE 
fibers with average fiber diameters of 475 nm. Electrospinning of uniform PVDF-TeFE 
fibers with smooth continuous electrospinning process without nozzle clogging and beads 
formation were observed from 20 wt % in 75%-25% of MEK-DMF, 23 wt % in 50%-
50% of MEK-DMF with average fiber diameters of 600 nm. The fibers produced in the 
study were determined to use 75 % of MEK and 25 % of DMF as a solvent for 
electrospinning process. The morphology of electrospun fibers and fiber diameter 
distributions under the solution condition mentioned above are shown in (Figure 42). 
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Figure 42. PVDF-TeFE Fiber Diameters and Distribution from 17 wt %, 20 wt % 
and 23 wt% from 75-25 MEK-DMF 
 
4.3.2.Mechanical properties of electrospun PVDF-TeFE 
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KES-G1 microtensile tester was used to measure the mechanical properties of 
electrospun PVDF-TeFE fibers. The electrospun fibers were cut to strip of 0.5 cm by 5 
cm then glued on the paper frame. After mounting the samples the paper strip was cut in 
the middle then tested with 0.2 mm/sec displacement ratio (Figure 43). The measured 
force was converted into textile unit using the areal density then computed into standard 
stress-strain unit as following. 
 
 
Figure 43. Tensile testing of electrospun mat 
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The areal density is simply the weight (gm) of the nonwoven test strip divided by the area 
(m2) of the test strip. The stress in gms/tex was converted to MPa using following 
equation… 
 
Stress (MPa) = 9.8 X Stress (gm/Tex) X density of material (gm/ cc) 
 
The electrospun fiber mats were later annealed at 100°C and 120°C for one hour and 
mechanical properties were evaluated. Typical stress-strain behavior of electrospun 
random fiber mats from 17 wt%, 20 wt % and 23 wt% of 75-25 of MEK-DMF are shown 
in (Figure 44), (Figure 45) and (Figure 46). The strength and modulus of samples are 
summarized in (Figure 47) and (Figure 48). 
 
 
Figure 44. Mechanical strength of 17 % PVDF-TeFE 
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Figure 45. Mechanical strength of 20 % PVDF-TeFE 
 
 
Figure 46. Mechanical strength of 23 % PVDF-TeFE 
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Figure 47. Maximum strength of electrospun PVDF-TeFE 
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Figure 48. Modulus of electrospun PVDF-TeFE 
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The overall strength of electrospun fiber mats was found to be lower than that of solid 
film. This is believed due to the random orientation of the fibers and high porosity of the 
samples. The average fiber diameters do not seem to contribute to the strength of fiber 
mats. We found that the strength of electrospun fiber mat was decreased after annealing 
at temperature of 100°C. When annealed at 120°C the strength of fiber mats increased to 
some extent. The modulus of the fiber mates was affected significantly because of 
annealing. At annealing temperature of 120°C the modulus of the samples was increased 
from 9 MPa to 20 MPa, 18 MPa to 38 MPa and 7 MPa to 37 MPa for 17 wt %, 20 wt % 
and 23 wt % respectively. This proved that annealing at 120°C significantly change the 
molecular orientation of the fibers. The glass transition temperature (120°C for PVDF-
TeFE)of polymer molecules can create higher order of crystalline structure on the 
electrospun fibers.  
 
4.3.3.Alignment of PVDF-TeFE 
 
Self alignment of electrospun fibers were achieved by utilizing the parallel targets as 
shown in (Figure 49). During the electrospinning process, the fibers are attracted to the 
grounded target. Because of the difference in the electric field strength and parallel target 
geometry, parts of fibers got deposited on two separate grounds simultaneously. The 
nature of continuous fiber generation in the electrospinning enables continuous fibers 
between two targets with certain degree of orientation. The aligned fiber mats can be 
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collected and processed into yarns for further application. The self-aligned PVDF-TeFE 
and collected yarns form this set up was is shown in (Figure 50). 
 
 
Figure 49. self alignment of fiber in the electrospinning using parallel targets 
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Figure 50. Self aligned PVDF-TeFE and collected yarn 
 
4.3.4.Morphology of Fe3O4 Composite Nanofiber 
 
The diameter of electrospun fibers without magnetic particles was about 620 nm FOR 20 
wt% of the solution. When Fe3O4 nanoparticles were added the average fiber diameters 
noticeably decreased to 515 nm and 370 nm for 5 % and 10 % by weight of loading and 
showed wide variation of fiber diameter as shown in (Figure 51) and (Figure 52). This is 
believed to be due to the changes in electrical properties and solution viscosity of the 
electrospinning dope. However further research is needed in order to confirm the cause of 
fiber diameter decrease.  
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Figure 51. Fiber Diameter of PVDF-TeFE with Fe3O4 
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                               (a)                                                                (b) 
 
   
                                (c)                                                                (d) 
 
   
                              (e)                                                                (f) 
  
Figure 52. SEM of electrospun PVDF-TeFE with Fe3O4. (a) and (b) from PVDF-
TeFE, (c) and (d) from PVDF-TeFE with 5 wt% of Fe3O4 and (e) and (f) from 
PVDF-TeFE with 10 wt% of Fe3O4 
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4.3.5.Mechanical properties of Fe3O4 composite nanofiber 
 
The mechanical properties of electrospun composite fibers were measured using the same 
technique described above. The mechanical properties composite nanofibers were 
compared before and after annealing at 120°C for one hour. The typical stress-strain 
behavior of composite fibers is shown in (Figure 53) and (Figure 54). Similar to pure 
PVDF-TeFE fiber mats, the annealed fiber mats exhibit higher strength (twice) but lower 
stain rate. The modulus of composite fibers was significantly increased from 5 MPa to 
2GPa. 
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Figure 53. Tensile strenth of PVDF-TeFE with 10 % of Fe3O4 
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Figure 54. Mechanical properties of PVDF-TeFE with 10% Fe3O4, electrospun 
from 20 wt% solution of MEK-DMF (75%-25%) 
 
The mechanical properties of pure PVDF-TeFE and iron oxide composite of PVDF-TeFE 
are summarized and compared in (Figure 55). The mechanical properties got lowed after 
the addition of nanoparticles. However, inclusion of nanoparticles significantly increased 
the strength and modulus of fiber mats after annealing at 120°C for one hour. The highest 
strength and modulus were found from the composite fibers after the heat treatment. 
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Figure 55. Mechanical properties of PVDF-TeFE and with addition of 10 wt % 
Fe3O4 
 
4.3.6.Magnetic Properties of Fe3O4 composite nanofiber 
 
The magnetic properties of PVDF-TeFE and PVDF-TeFE/ Fe3O4 composites were 
measured using a SQUID (Superconducting Quantum Interference Devices) 
magnetometer (Quantum Design, MPMS2). The applied external field was from -25K to 
25K Oe (Oersted) at the temperature of 10K and 300K. The measured magnetic moment 
(emu) of samples loaded with 5 wt % and 10 wt % of Fe3O4 are plotted in (Figure 56). 
Paramagnetic properties were observed from Fe3O4 loaded PVDF-TeFE composite fibers 
while pure PVDF-TeFE showed typical diamagnetic property. Although bulk Fe3O4 is 
known for its strong ferromagnetic properties and it has been widely used for its 
permanent magnetism, as expected, composite fibers containing 20~30 nm Fe3O4 
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particles exhibited superparamagnetic properties due to the size of particles. Extremely 
high susceptibility to external magnetic field was shown regardless of particle contents in 
the composite fibers.  Weak magnetization was observed from all samples under the 
magnetic field at 10K. Magnetic moment tended to be saturated at 10K Oe and 
completely saturated about 20K Oe. At low temperature, both samples showed slightly 
higher magnetic moment than that of room temperature. When 5 wt % Fe3O4 was added, 
the magnetic moment was half that of 10 wt % Fe3O4 sample. This linear behavior was 
observed from all temperatures. The magnetic moment in the (Figure 56) was normalized 
by weight of composite. If magnetic moment is normalized by the weight of iron oxide 
particles, the magnetic moment reaches to near 60 emu/g for both 5 % Fe3O4 and 10 % 
Fe3O4 composite fibers.  
 
This strong filed responsive behavior of electrospun magnetic composite mats to external 
magnetic filed is demonstrated in (Figure 57). 2 cm strip of 5 wt% Fe3O4 loaded PVDF-
TeFE was fixed at one end and the other end was allowed to move freely. When the 
composite fiber mat was exposed to external magnetic field induced by a simple lab 
magnet, the flexible mat was deformed toward the magnet as magnet moved closer to the 
composite fiber bundle. Thus the sample was flexible and field responsive.  
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Figure 56. Magnetic properties of PVDF-TeFE and Fe3O4 composite fibers 
  
 
Figure 57. Response of Electrospun Composite Fiber to External Magnetic Field 
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4.3.7.Dielectric properties 
 
Dielectric constant is one of the important characteristic properties of materials in 
electrical and optical applications. Dielectric constant is the ratio of the capacitance of 
dielectric material between two plates to the capacitance of the vacuum. Dielectric 
constant can be obtained by measuring the capacitance of materials with known thickness 
and size of the electrode.  
 
The dielectric constant K (or ε) is: 
A
CdK
0ε=  
 
Where A and d are the area and the distance between the electrodes, respectively, and ε0 
is the permittivity of the vacuum which is 8.854X10-12 F/m. 
 
For multi-components materials such as composites, the rule of mixture has been proved 
to be an effective approximation in estimation of the dielectric constant to certain limit 
[175-177]. Dielectric constant of composites composed of two components can be 
predicted using volume ratio of the components in the composites by rule of mixture. 
Mixing rules that have commonly been used in approximating dielectric constant are 
summarized in (Table 13). Series and parallel mixing rules are for the system with more 
ordered structure. Lichtenecker’s logarithm mixing and Maxwell’s rules are known as 
more applicable when the components are randomly mixed. Maxwell’s mixing rule 
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assumes uniformly distributed spherical pores in the composites while Lichtenecker’s 
model assumes randomly connected porosity[178]. 
Series Mixing 
2
2
1
11
K
V
K
V
K
+=  
Parallel Mixing 2211 KVKVK +=  
Lichtenecker’s Logarithmatic Mixing 2211 lnlnln KVKVK +=  
Maxwell’s Mixing 
1
2
1
2
11
2
1
22
33
2
33
2
V
K
KV
KV
K
KKV
K
+⎥⎦
⎤⎢⎣
⎡ +
+⎥⎦
⎤⎢⎣
⎡ +
=  
 
 
Table 13. Mixing rules for dielectric constant of two component materials. V is 
volume ratio of the component and K is materials relative dielectric constant 
 
Our results suggested that these mixing rules agreed with the experimental data of 
composite materials as well as porous dielectric materials. Composite materials 
composed of high dielectric oxides agreed with Lichtenecker’s model [176]. Mohideen et 
al. has shown that controlling the dielectric constant of nanoparticle composite film 
ranging from ε=3.5 to ε=1.75 was possible by controlling the pore inclusion. The results 
agreed with the mixing rules mentioned above as shown in (Figure 58) [179]. 
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Figure 58. Relative dielectric constant of porous silica glass as a function of porous 
volume ratio in series, parallel, Maxwell's and Lichtenecker's mixing rules 
  
The nanoparticles embedded nanofibers have three components affecting the dielectric 
constant. They are nanoparticles, polymer fibers and pores which occupy majority 
volume of the composite. It can be seen that these rule of mixture of two components can 
be extended to multiple components by simply substituting one component in the formula. 
 
By substitution, the dielectric constant of electrospun nanofiber mat can be calculated as: 
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++=1  for series model 
vvoopp KVKVKVK ++=  for parallel model 
vvoopp KVKVKVK lnlnlnln ++= for Lichtenecker’s model 
 
Where Kp and Vp is the dielectric constant and volume ratio of polymer, respectively, Ko 
and Vo is the dielectric constant and volume ratio of particles included and Kv and Vv is 
the dielectric constant and volume ratio of pores. 
 
Polymer of the composite material: V1 is the volume ratio of component 1, K1 is 
dielectric constant of component 1, V2 is the volume ratio of component 2 and K2 is the 
dielectric constant of component 2.  
 
The capacitance of electrospun samples were measured using impedance analyzer 
(Solatron, SI 1287 and SI 1260). Electrospun PVDF-TeFE, PVDF-TeFE loaded with 5 % 
and 10 wt % of Fe3O4 were placed between 2.54 cm carbon disks as shown in (Figure 59). 
The thickness was measured using micrometer. The voltage was fixed to 5 V and the 
frequency was between 100 Hz to 50 KHz. 
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Figure 59. Schematics of PVDF-TeFE Dielectric Measurement 
 
 
Figure 60. Dielectric constant of electrospun PVDF-TeFE and Fe3O4 loaded 
composite nanofiber 
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The relative dielectric constant of porous electrospun nanofiber mats is shown in (Figure 
60).  The dielectric constants were increased from 1.61 to 1.82 with 5 % of Fe3O4 and 
2.21 with 10 wt % of Fe3O4. 
 
To validate the measured dielectric constant, volume ratio of each component in the 
electrospun fiber mats was measured. The estimated values are summarized in the (Table 
14). The pore size in the fiber mat was estimated by measuring the weight of the samples 
after immersing in the melt paraffin wax. The immersed samples were later processed 
into uniform thin film under vacuum. Due to the hardness of the paraffin wax that 
supports the structure of electrospun fiber mats, it was possible to measure the thickness 
with minimum error caused by pressure from measurement equipment. The volume ratios 
were calculated after the measurement of the weight changes and dimension of the 
samples. About 80% of pore was found from samples without significant difference 
between samples.  
 
 PVDF-TeFE PVDF-TeFE with 
5% Fe3O4 
PVDF-TeFE with 
10% Fe3O4 
PVDF-TeFE 17.2% 18.1% 19.5% 
Fe3O4 0.0% 0.3% 0.7% 
Pore 82.8% 81.6% 79.8% 
 
 
Table 14. Volume ratio of polymer, iron oxide and pores in electrospun fiber mat 
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The predicted relative dielectric constants using Lichtenecker’s logarithmic mixing rule 
was compared with the real measurement in (Table 15). The trend of increasing dielectric 
constant with larger volume of iron oxide particle observed from the measurement agrees 
well with the model. Overall values were slightly higher than model predicted but 
remained within acceptable range. There has been an effort to predict the porosity of the 
materials such as forms and volcanic rocks [175, 180]. This experiment confirms that 
simple rule of mixture can be applied to electrospun fibers to estimate approximate 
porosity of electrospun composite fibers. 
 
 Measurement Prediction 
PVDF-TeFE 1.61 1.49 
PVDF-TeFE with 5% Fe3O4 1.82 1.61 
PVDF-TeFE with 10 % Fe3O4 2.21 1.75 
 
Table 15. Relative dielectric constants measurement and prediction using 
Lichtenecker's logarithmic mixing model 
  
The dielectric constant of electrospun fiber mats exhibited extremely low properties 
which has been an important issue in semiconductor industry. The amount of particles in 
the composite fibers is effective method to alter the electrical properties. 
 
4.4.Conclusion 
 
Magnetic particle embedded PVDF-TeFE fibers showed strong superparamagnetic 
properties with high sensitivity to applied external magnetic field. The magnetization 
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behavior of composite fibers agreed with previously explored properties of magnetic 
particles suggesting the electrospinning process did not alter the properties of Fe3O4 
particles. Inclusion of particles resulted in significant fiber diameter decrease. The 
fabricated magnetic composite fibers exhibited extremely high sensitivity to applied field. 
Its magnetic properties were easily modified by simply controlling the amount of the 
particles in the fiber at room temperature as well as low temperature. 
 
It is worth to note that the dielectric constant of electrospun mats exhibit extremely low 
dielectric constant due to high porosity. In semiconductor industry there has been a great 
effort to achieve low dielectric constant to avoid cross-talking in the integrated circuits. 
To obtain low dielectric constant materials, the inclusion of pore in the film fabrication 
has been known as the most effective method. The current ultra-low dielectric materials 
incorporated with pores reported are ranging ε=1.7 to ε=3.5 [179]. The measurement of 
dielectric constant of electrospun composite fibers proved that the electrospinning 
technique is an efficient fabrication method to achieve ultra-low dielectric constant film.  
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5. CONCLUSION 
 
Two types of unique composite nanofibers incorporated with cadmium sulfide quantum 
dots and iron oxide nanoparticles were successfully fabricated via co-electrospinning 
process. The fabricated CdS-PEO composite nanofibers have demonstrated stable 
fluorescence properties and the photoluminescence were characterized. The fiber 
diameters tended to decrease with higher content of CdS particles solutions. The 
diameters of co-electrospun fibers were found to be 280nm without CdS content and 
230nm when co-electrospun using 12.8mM CdS solutions. The Raman spectra have 
proved that CdS particles collected from various concentrations exhibit the identical 
Raman shift. This Raman shifts were also shown from co-electrospun fibers which 
suggest co-electrospinning process did not alter the chemical composition of CdS 
particles. 
 
Superparamagnetic Fe3O4 nanoparticles were successfully co-electrospun with PVDF-
TeFE. There was significant decrease in fiber diameter when Fe3O4 particles were co-
electrospun. The magnetic properties were measured using SQUID magnetometer. The 
magnetic moment (emu/g) was higher at low temperature and higher content of Fe3O4 
particles. The magnetic moment was linearly proportional to the amount of particles 
added. With a proper heat treatment, the composite fibers exhibited the highest modulus 
and strength. When treated with less favorable temperature, the tensile strength of 
composite fibers was lowest among specimens. The proper heat treatment combined with 
mechanical stretching will further increase the mechanical properties by internal 
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molecular alignment. High porosity of electrospun fiber mat is believed to contribute to 
ultralow dielectric constant. The predicted dielectric constant of composite model agreed 
with the dielectric constant measurement. The inclusion of Fe3O4 particles gave rise to 
slightly higher dielectric constant. 
 
These results suggested that co-electrospinning from nanoparticles dispersed solution is a 
simple yet effective technique to fabricate the ultrafine fibrous composite structure. It 
was proved that the properties of nanoparticle can be transferred into macro-scale 
structure in the form of flexible fibers through one step process without sacrificing the 
properties of nanoparticles. The localized agglomerations of particles found in the 
composite nanofibers remained to be solved in the further research. It is believed that 
better dispersion of nanoparticles would increase the performance of composite 
nanofibers. The decrease in the fiber diameter was observed from two material systems 
that have been explored in this study. The alterations of rheological and electrical 
properties induced by inclusion of particles were believed to promote decrease in the 
fiber diameters of composite fibers. The validity of this theory needs to be confirmed in 
the future with the consideration of multiple parameters such as conductivity, dielectric 
permittivity, solution surface tension, solution viscosity…etc.. It has been confirmed that 
the mechanical properties of composite fibers can be further enhanced with proper heat-
treatment. With proper heat treatment, both strength and modulus were doubled 
comparing to untreated fiber mat. The high surface area provided by fine fibrous structure 
helped in reflecting the properties of nanoparticle effectively especially in optical 
applications. The extremely high surface area per unit volume will also contribute to 
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broadening the applications of composite nanofiber by enhancing the sensitivity and the 
effectiveness.  
 
Success in the development of composite nanofibers by the co-electrospinning has 
created a new pathway to connect nanoscale effect to macro structure performance. This 
will lead to the creation of new family of advanced product of nanoparticle reinforced 
functional composite nanofibers for various applications such as sensors, biological 
labeling, tissue engineering, anti-counterfeiting, multi-functional textiles. 
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